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D. M. Johns et al. 
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>> Science Podcast 

Listen to stories on failed stars, numerosity 
in the brain, monitoring a North Korean 
volcano, and more. 

>> Find More Online 

Check out Science Express, our podcast, 
videos, daily news, our research journals, and 
Science Careers at www.sciencemag.org. 


COVER DEPARTMENTS 
Enhanced-color confocal microscopy image of a cross section 1041 This Week in Science 
of an Arabidopsis stem (diameter of full section: 2 millimeters; 1044 Editors’ Choice 
excluding the protruding epidermal hair cell). The cell walls 1046 Science Staff 

in blue contain lignin, which provides strength to the walls. 1127 New Products 

The magenta color in the cortex cells reflects the presence of 1128 Science Careers 


chlorophyll. Caffeoyl shikimate esterase is an enzyme central 
to the biosynthesis of lignin, a major factor limiting biomass 
processing for biofuels. See page 1103. 


Image: Lisa Sundin, Matyas Fendrych, and Daniel Van Damme/VIB, Belgium 
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Gut Microbiota from Twins Discordant 

for Obesity Modulate Metabolism in Mice 
V. K. Ridaura et al. 

Mice carrying gut bacteria from lean humans 
protect their cage mates from the effects of 
gut bacteria from fat humans. 

Research Article Summary; for full text: 
http://dx. doi. org/10.1126/science.1241214 

>> Perspective p. 1069 
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Decades-Long Changes of the Interstellar 
Wind Through Our Solar System 

P.C. Frisch et al. 

Analysis of data collected by 10 different 
spacecraft indicates that our solar system's 
local environment may be changing. 


Radio Jets Clearing the Way Through a 
Galaxy: Watching Feedback in Action 
R. Morganti et al. 

High-resolution radio images of a galaxy 
reveal how a jet of relativistic particles is 
driving cold gas away from the center. 
>> Perspective p. 1073 


Enhanced Seasonal Exchange of CO, 
by Northern Ecosystems Since 1960 

H. D. Graven et al. 

The amplitude of the seasonal cycle of 
carbon dioxide in high northern latitudes 
has increased by 50% since 1960. 

>> Perspective p. 1075 


Expanding the Fluorine Chemistry 

of Living Systems Using Engineered 
Polyketide Synthase Pathways 

M. C. Walker et al. 

Biochemical pathways can be engineered 
to incorporate fluoroacetate into tri- and 
tetraketides in place of acetate. 

>> News story p. 1052 


Observation of Partial Wave Resonances 
in Low-Energy O,-H, Inelastic Collisions 
S. Chefdeville et al. 

Purely quantum mechanical effects are 
manifested in an experiment probing 
crossed molecular beams. 

>> Perspective p. 1076 


Direct Determination of Absolute 
Molecular Stereochemistry in Gas Phase 
by Coulomb Explosion Imaging 

M. Pitzer et al. 

A simple molecule’s three-dimensional 
structure can be ascertained from the 
fragment trajectories when it is blown apart. 
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Achieving the Convention on Biological 
Diversity’s Goals for Plant Conservation 
L. N. Joppa et al. 

Protecting 17% of the land surface 

and 60% of plant species is possible, 

but not at present. 


Caffeoyl Shikimate Esterase (CSE) 

Is an Enzyme in the Lignin Biosynthetic 
Pathway in Arabidopsis 

R. Vanholme et al. 

A key enzyme involved in lignin biosynthesis 
is identified and characterized in the model 
plant Arabidopsis. 


Epigenetic Regulation of Mouse Sex 
Determination by the Histone 
Demethylase Jmjdia 

S. Kuroki et al. 

Histone modification controls mammalian 
sex determination. 


Single-Cell DNA-Methylation Analysis 
Reveals Epigenetic Chimerism in 
Preimplantation Embryos 

C. Lorthongpanich et al. 

Lethal epigenetic chimerism can be rescued 
by transfer of pronuclei. 


Neuroendocrine Control of Drosophila 
Larval Light Preference 

N. Yamanaka et al. 

The hormone that triggers the transition from 
larva to adult also induces the larvae to find 
a dark spot to do this safely. 


Conserved Regulation of Cardiac Calcium 
Uptake by Peptides Encoded in Small 
Open Reading Frames 

E. G. Magny et al. 

Small peptides regulate calcium transport 
and regular heart contraction in both flies 
and humans. 


A Causative Link Between Inner Ear 
Defects and Long-Term Striatal 
Dysfunction 

M. W. Antoine et al. 

In mutant mice, severe ear dysfunction 
is associated with motor hyperactivity. 


Topographic Representation of Numerosity 
in the Human Parietal Cortex 

B. M. Harvey et al. 

There is a map of numerical magnitude 

in the human brain. 

>> Science Podcast 
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Transforming Fat to Thin 
How much does the microbiota influence the host's phenotype? Ridaura et al. (p. 1079; see the Perspective 
by Walker and Parkhill) obtained uncultured fecal microbiota from twin pairs discordant for body mass and 
transplanted them into adult germ-free mice. It was discovered that adiposity is transmissible from human 
to mouse and that it was associated with changes in serum levels of branched-chain amino acids. Moreover, 
obese-phenotype mice were invaded by members of the Bacteroidales from the lean mice, but, happily, the 


lean animals resisted invasion by the obese microbiota. 


Pushy Black Hole 


The giant black holes that sit at the centers of 
most galaxies influence the way galaxies evolve 
in poorly understood ways. Morganti et al. 

(p. 1082; see the Perspective by McNamara) 
have acquired high-resolution radio images of a 
galaxy with an actively accreting black hole from 
which a jet of relativistic particles emanates. The 
observations show that a cloud of neutral 
hydrogen gas is being driven outward, possibly 


contributing to star formation and galaxy growth. 


Downs and Ups 


Every spring, the concentration of CO, in the 
atmosphere of the Northern Hemisphere 
decreases as terrestrial vegetation grows, and 
every fall, CO, rises as vegetation dies and rots. 
Climate change has destabilized the seasonal 
cycle of atmospheric CO, such that Graven et al. 
(p. 1085, published online 8 August; see the Per- 
spective by Fung) have found that the amplitude 
of the seasonal cycle has exceeded 50% at some 
latitudes. The only way to explain this increase 

is if extratropical land ecosystems are growing 
and shrinking more than they did half a century 
ago, as a result of changes in the structure and 
composition of northern ecosystems. 


Lignin Biosynthesis 
Complications 

Lignin is a polymer that lends its sturdy 
properties to wood and makes plant cell walls 


tougher, which creates problems for chemists 
converting cellulosic plant biomass into biofuels. 
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Vanholme et al. (p. 1103, published online 
15 August; see the cover) have identified a 
new step in the biosynthetic pathway of lignin 
in Arabidopsis in which caffeoyl shikimate 
esterase catalyzes synthesis of caffeate. Cel- 
lulose from mutant plants, which had reduced 
amounts of lignin, was more efficiently pro- 
cessed into glucose. 


Fatal Chimeras 


Impaired DNA-methylation maintenance dur- 
ing early embryonic development may cause 
imprinting-related diseases. Lorthongpanich 
et al. (p. 1110) have devised a sensitive assay 
to probe multiple imprinted gene loci for their 
DNA-methylation state at the single-cell level. 
Blastomeres with defective imprinting showed 
complex, epigenetic chimeras developed with 
fatal defects. Pronuclear transfer restored nor- 
mal mouse development, offering a therapeutic 
strategy to overcome epigenetic defects caused 
by maternal insufficiencies. 


Looking for the Dark 


Mature Drosophila larvae wander away from 
food and seek a dark site for pupation. While 
investigating this phenomenon Yamanaka et 
al. (p. 1113) found that four prothoracicotropic 
hormone (PTTH)—producing neurons medi- 

ate light preference in the central brain. PTTH 
circulates in the hemolymph and signals via its 
receptor, Torso, to two light sensors, sensitizing 
them for light detection. The larvae can then 
transform from wandering larvae into immobile 
pupae hidden from light and predatory eyes. 
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Deafness and Misbehavior 


Behavioral problems accompanied by hyper- 
activity often occur in children with severe 
hearing loss and vestibular impairment. Expla- 
nations have focused on socioenvironmental 
factors, but Antoine et al. (p. 1120) found that 
inner ear defects can cause dysfunction in the 
striatum, which leads to abnormal behavior— 
especially hyperactivity—mediated by dopa- 
mine and glutamate signals, in an area of the 
striatum that is instrumental in controlling 
motor output. The abnormal behavior can be 
reversed by injection of an extracellular signal- 
regulated kinase inhibitor, which provides 

a novel target pathway for the treatment of 
behavioral disorders. 


Absolute Images 


Molecules are held together by a 
balance of charge between 
negative electrons and posi- 
tive nuclei. When multiple 
electrons are 
expelled by 
laser irra- 
diation, the 
remaining, 
mutually repulsive nuclei fly apart in a Coulomb 
explosion. Instead of traditional x-ray diffraction 
methods that require crystalline samples, Pitzer 
et al. (p. 1096) show that by tracking the frag- 
ment trajectories from laser-induced Coulomb 
explosions of relatively simple gas phase 
molecules, they can determine the absolute 
stereochemical configuration of enantiomers 
(mirror-image isomers). 
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Wind of Change 


The flow of interstellar gas and dust through the 
solar system was thought to be unvarying, but 
Frisch et al. (p. 1080) show that there has been 
a significant variation of the direction of the flow 
of interstellar helium through the solar system 
over the past 40 years. The data, collected by 

10 different spacecraft over much of the space 
age, hint of changes rather than constancy in the 
solar system's galactic environment. 


Quantum Collision Course 


Our experience of a world apparently governed 
by classical physics is a consequence of the fact 
that quantum mechanical effects average out in 
size regimes much larger than nanometers. Even 
at the molecular level, the quantized nature of 
rotational energy distributions is often obscured 
by averaging effects. Chefdeville et al. (p. 
1094; see the Perspective by Casavecchia and 
Alexander) have observed a striking manifes- 
tation of quantized rotation in the scattering 
trajectories of colliding H, and O, molecular 
beams. The experimentally resolved partial wave 
resonances show essentially complete agreement 
with theoretical calculations and deviate starkly 
from classical collision paradigms. 


Stitching in Fluoroacetate 


Polyketide synthase enzymes stitch together an 
impressively diverse series of organic compounds 
from simple acetate and propionate building 
blocks. Walker et al. (p. 1089) now show that 
these biochemical pathways can be engineered 
to incorporate fluoroacetate—a primary product 
of the only known native enzymatic fluorination 
route—into tri- and tetraketides. In Escherichia 
coli cells, this process shows potential as a 
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versatile means of inserting fluorine substituents 
into a range of complex molecules for use in 
pharmaceutical and agrochemical research. 


Number Sense 


Numerosity perception resembles primary sen- 
sory perception and, indeed, it has been called 
the number sense. As all primary senses are 
organized topographically in the cortex, Harvey 
et al. (p. 1123) 
tested the hypoth- 
esis that numeros- 
ity is also organized 
topographically. 
Applying ultrahigh- 
field functional 
brain scanning and 
using custom- 
designed analysis, 
they confirmed that 
a topographical 
numerosity map 
occurs in the 
human parietal cor- 
tex, which displays 
conventional characteristics, such as a system- 
atic relationship between the cortical location's 
preferred numerosity and cortical magnification 
and tuning width. 


Plant Protection 


The Convention on Biological Diversity’s 20 
Aichi Targets, agreed in October 2010, extend 
to 2020 an international commitment to halt 
the loss of biodiversity. Using data from “The 
Plant List” (www.theplantlist.org), Joppa et al. 
(p. 1100), show that ~65% of plant species are 
endemic to 17% of the terrestrial land surface 
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and include many islands, with mainland 
contributions concentrated heavily in central 
and southern America and Asia. These regions 
include 75% of all plant species. These regions 
are also important for terrestrial vertebrates— 
containing most of all—bird, mammal, and 
amphibian species, but less than one-sixth of 
this land surface is under protection. 


More Determined Sex 


Although several transcription factors participate 
in mammalian sex determination, the contribu- 
tion from specific epigenetic regulation is just 
being revealed. Kuroki et al. (p. 1106) show 
that a JmjC domain—containing protein, Jmjd1a, 
catalyzes H3K9 demethylation of the Y-linked 
sex-determining gene Sry in mice to enable its 
expression above the required threshold level. 
Ablation of Jmjd1a function results in mouse 
male-to-female sex reversal, hence not only 
revealing a mechanism of Sry regulation but 
also the pivotal role of epigenetic regulation in 
mammalian sex determination. 


smORFing for Calcium 


Genomes contain thousands of small open 
reading frames (smORFs), short DNA sequences 
coding for peptides of less than 100 amino 
acids. Magny et al. (p. 1116, published on 22 
August) describe two smORF-encoded peptides 
of less than 30 amino acids regulating calcium 
transport and, hence, regular heart contrac- 
tion, in the fruit fly Drosophila. These peptides 
seem to have been conserved for more than 550 
million years in a range of species from flies to 
humans, where they have been implicated in 
severe heart diseases. Such conservation sug- 
gests that smORFs might be an ancient part of 
our functional genome. 
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Helga Nowotny is presi- 
dent of the ERC. 


Pavel Exner is vice- 
president of the ERC and 
chair of the ERC Scien- 
tific Council Standing 
Committee on Conflict 
of Interest, Scientific 
Misconduct and Ethics. 


Improving ERC Ethical Standards 


IMAGINE SITTING OVER A PILE OF APPLICATIONS SUBMITTED TO ONE OF THE MOST PRESTIGIOUS FUND- 
ing agencies. Suddenly, what you read appears familiar—not only the idea, but its termi- 
nology and the methods proposed. You recognize entire sentences because you wrote them. 
This scenario must have been an utter surprise for one of the European Research Council’s 
(ERC’s) evaluation panel members who, last year, stumbled across the most bizarre case of 
scientific misconduct that the organization has witnessed so far. The proposal, submitted 
some years earlier to a funding agency on a different continent, was copied by one of the 
reviewers, a highly recognized scientist, and then submitted to the ERC. It was pure chance 
that the former applicant detected the fraud. 

The anecdote illustrates not only the difficulties of detecting scientific fraud, which any 
funding agency in the world faces, but also the problems that the ERC is trying to fight. 
Since its beginning in 2007, the ERC Scientific Council established 
a strict set of rules for how to deal with fraud, conflicts of interest, 
and scientific misconduct. However, the larger legal framework of 
the European Commission (EC) under which the ERC operates links 
“fraud” only to financial aspects. The ERC is then obliged to report 
any (accomplished or attempted) misbehavior to OLAF, the Euro- 
pean antifraud police. Financial fraud, however, causes the least 
headaches. In the above case, the ERC was unable to take action 
against the mischievous applicant. 

The EC rules require funding agencies to avoid institutional con- 
flicts of interest. A research proposal cannot be evaluated by a person 
from the same host institution as the applicant. In the case of a single 
legal entity, such as the Centre National de la Recherche Scientifique 
(CNRS) in France, this would seriously limit the function of review- 
ing panels. In 2012, the ERC achieved an exemption from this con- 
straint. To fill the gap between the general legal rules and the desired system of high ethical 
standards, the ERC Scientific Council established in 2009 a standing committee to deal with 
ethical issues. So far, the ERC has evaluated more than 30,000 proposals, and the number of 
colleagues serving on its review panels approaches 3000. During the same time, the number 
of detected cases of misbehavior was under 30. But the temptation to be dishonest remains 
for some, as ERC grants represent exceptional prestige and money. 

In 2011, an applicant from a respected European university forged a document. The 
researcher’s university was told, but reacted only after the person reapplied and forged 
another document. The ERC lacks the legal means to exclude such an applicant from future 
funding competitions. It therefore urges host institutions to be more proactive and follow up 
in cases of suspected misconduct of researchers they employ. This includes imposing sanc- 
tions when the facts warrant it. 

The ERC has strict policies on conflict of interest. To avoid bias in the evaluation 
procedure, the ERC requires any evaluator with an institutional connection to the appli- 
cant to leave the room when the application is discussed, as this is considered a disqualify- 
ing conflict. However, for close personal relationships, such as spouse, parent, and child, or 
other close personal bonds, this is not sufficient. Such a relationship is considered a strongly 
disqualifying conflict of interest, and the evaluator is required to withdraw from the call for 
proposals entirely. 

The ERC is constantly learning, improving its rules as it moves forward. With the vigi- 
lance of its panel members, reviewers, and scientific officers and stronger cooperation from 
host institutions, it will succeed in not accepting anything less than the highest standards. 

— Helga Nowotny and Pavel Exner 
10.1126/science.1244098 
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Astrocytes are the most numerous cells in the 
mammalian brain, providing metabolic support 
for neurons and modulating synaptic transmis- 
sion. They can also help to repair neuronal 
injuries, replacing central nervous system 

cells that cannot regenerate. Because they 

are believed to protect neurons from injury 
and death, there is interest in exploring their 
therapeutic potential, in particular to promote 
recovery after stroke. Although astroglia have 
been derived in vitro from human embryonic 
stem cells, it is not clear whether a subpopula- 
tion of astroglia might better promote repair. 
Jiang et al. generated highly pure populations 
of astroglia progenitors from human embryonic 
stem cells and observed that those expressing 
the transcription factor Olig2 showed strong 
neuroprotective effects against oxidative 

stress and glutamate toxicity in vitro. Further, 
rats that received hippocampal transplants 

of human Olig2* astroglia soon after being 
subjected to global cerebral ischemia showed 
increased synaptogenesis and improved learn- 
ing and memory in water maze trials. The ob- 
served differential expression of growth factors, 
neurotrophic factors, cytokines, and chemo- 
kines related to synaptic function may account 


6 SEPTEMBER 2013 VOL 341 


EDUCATION 


Self-Efficacy Is the Key 


The natural response to the shift toward inquiry-based science 
education is an increase in faculty-mentored undergraduate re- 
search experiences (UREs). Large amounts of data describe the 
impact of UREs on student gains in performing research-related 
procedures, thinking and working like a scientist, and interest 
in graduate school. Much less is known about the processes 
through which student gains are achieved and the organization 
and dynamics of specific URE programs. Adedokun et al. used 
structural equation modeling to explore a URE program with a 
specific focus on exploring the relationships among three key 
outcomes: research skills, research self-efficacy, and aspiration 
for research careers. A post-participation survey was given to 
156 students who typically spent 4 to 10 hours per week in 
their faculty mentor’s laboratory and attended a seminar class 
on research conduct. Modeling data showed significant direct 
relationships between research skills and research self-efficacy, 
and between research skills and aspirations. Additionally, posi- 
tive relationships between self-efficacy and aspirations and an 
indirect effect of research skills on aspirations via self-efficacy 
were shown. Research self-efficacy thus partially mediates the 
relationship between research skills and student aspirations for 
research careers. — MM 


for differences in the ability of this astroglia 
population to promote recovery. — LDC 
Nat. Comm. 4, 10.1038/ncomms3196 (2013). 


Because most cancer patients die of meta- 
static disease, there is substantial interest 

in understanding—and pharmacologically 
thwarting—the molecular events that drive or 
facilitate metastasis. Early in the process within 
the primary tumor, cells attach to and migrate 
along collagen networks, which take them to 
blood vessels that carry them to distant organs 
they ultimately colonize. A new study suggests 
that these collagen highways are particularly 
important for an aggressive soft-tissue sarcoma 
that frequently and fatally metastasizes 

to the lung. Using mouse models, Eisinger- 
Mathason et al. show that when primary sarco- 
mas become deprived of oxygen, a transcrip- 
tion factor called HIF1o (hypoxia-inducible 
factor 1a) is induced, which in turn enhances 
the expression of PLOD2 (procollagen-lysine, 
2-oxoglutarate 5-dioxygenase 2), an enzyme 
that creates dense and highly disorganized net- 
works of collagen by adding hydroxyl groups to 
collagen monomers. Sarcomas in mice treated 
with a drug known to inhibit PLOD2 expression 
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(minoxidil, which is commonly used for hair 
restoration) exhibited more-organized patterns 
of collagen and had a reduced propensity to 
metastasize to the lung. — PAK 
Cancer Discov. 3, 10.1158/ 
2159-8290.CD-13-0118 (2013). 


The transcription factor nuclear factor I-A 
(NFIA) controls genetic programs implicated 
in cellular metabolism and the migration of 
normal glial cells. NFIA is overexpressed in some 
gliomas: tumors of the central nervous system 
that contain cells resembling glial cells. In the 
hematopopietic system, NFIA is regulated by the 
microRNA miR-223. Glasgow et al. now docu- 
ment a similar relationship of NFIA and miR-223 
in glial cells and in gliomas. Their results show 
that during normal development, miR-223 re- 
presses NFIA and blocks the proliferation of glial 
precurors; the cells are then left to switch into 
differentiation pathways. In gliomas, miR-223, 
which may be expressed in only some gliomas, 
can repress NFIA and thus suppress glioma cell 
growth. These results pave the way to under- 
standing what is and is not parallel between 
normal development and cancer. — PJH 

J. Neurosci. 33, 13560 (2013). 
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BIOCHEMISTRY 
Four Closure 


The Ca**-binding protein calmodulin (CaM) is 
involved in the regulation of many membrane 
channels, but how it modulates permeability 
remains unclear. Reichow et al. have combined 
electron microscopy, structural modeling, mo- 
lecular dynamics, and mutagenesis to study the 
interaction of the aquaporin AQPO and CaM. 
Each monomer in the tetrameric AQPO contains 
a water-conducting pore. Fitting crystal struc- 
tures of the AQPO tetramer and CaM into a 25 
A electron microscopic reconstruction revealed 
that CaM bound to the C-terminal helices of 
adjacent AQPO monomers. Initially, CaM binds 
to one helix, and its proximity to the neighbor- 
ing monomer then allows it to capture the sec- 
ond one. Molecular dynamics simu- 
lations suggested that, although 

it only links two monomers, CaM 
restricts the dynamics of all four 


monomers in the tetramer. The constriction site 
CSII at the cytoplasmic vestibule of the channel 
has been proposed to gate access. Interest- 
ingly, the AQPO residues that were stabilized 
most by CaM mapped to the C-terminal helices, 
the base of the last transmembrane helix, and 
residues that form CSII. In AQPO, tetrameriza- 
tion is not required for water permeability; 
however, these results show that its quaternary 
structure facilitates cooperative regulation, and 
the regulation of other membrane channels by 
CaM may rely on similar mechanisms. — VV 


Nat. Struct. Mol. Biol. 20, 10.1038/nsmb.2630 (2013). 


MATERIALS SCIENCE 
Making Mg Magnificent 


When crystalline materials are stressed, defects 
in the crystal planes become mobile once a 
critical stress is reached. The stress required for 
movement of these dislocations along different 
slip planes can vary considerably, leading to 
poor ductility. Magnesium is an example of 
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a material with an extreme anisotropy: The 
critical stress required for deformation along 
nonbasal planes is 100 times larger than along 
basal ones. Yu et al. postulated that even 
though materials are known to be stronger 
when they are smaller, there are upper bounds 
to this enhancement, so that the critical anisot- 
ropy should decrease. They tested single-crystal 
Mg samples ranging from 850 to 80 nm in 
size inside a quantitative electron microscope. 
At sizes between 200 and 400 nn, significant 
strengthening of the samples was seen, but the 
ductility remained poor. Below 100 nm, there 
was a shift in the deformation behavior. As the 
local flow stresses approached 2 GPa, there was 
increasing activation of the nonbasal planes, 
leading to a large amount of plastic deforma- 
tion. These size effects could be employed to 
make better use of 
other high plastically 
anisotropic materi- 
als. The use of grain 
boundaries could 
allow for larger overall 
samples, because the 
boundaries will act as 
stress concentrators 
and preferred sources 
for the nucleation 
and emission of 
dislocations, which is important during plastic 
deformation of a sample. — MSL 

Proc. Natl. Acad. Sci. U.S.A. 110, 13289 (2013). 


APPLIED PHYSICS 
Slowly Does It 


The rise and fall of pitch of a passing police 
siren gives a familiar example of the Doppler 
effect. In such a case, the speed of the moving 
object is appreciable compared to the speed 
of sound, with fast-moving objects relatively 
easy to detect. The situation is somewhat more 
difficult for slow-moving objects, where the 
frequency shift can be very small. Detection 
typically requires complex interferometry. 
Bortolozzo et al. show that a slow light medium 
can be used to accentuate and detect tiny 
frequency shifts associated with slow-moving 
objects. Obviating the need for complex optics, 
they use a balanced detection scheme where 
they simply split a laser beam in two and 
measure the intensity difference between the 
two beams once they pass through the slow 
light medium. They can detect frequency shifts 
down to 1 pHz and suggest that the simple 
setup should allow for remote sensing of slow- 
moving objects. — ISO 

Opt. Lett. 38, 3107 (2013). 
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U.S. East Coast 1 
Virus Culprit in Dolphin Deaths 


A measleslike virus appears to be the chief 

cause of the droves of dead dolphins that 

washed ashore along the U.S. East Coast 

this summer, researchers announced on 28 

August. Since | July, 333 bottlenose dolphins 

have been recovered from beaches between 

New York and North Carolina—10 times the 

number usually recovered at this time of year. 
In early August, the National Oceanic 

and Atmospheric Administration (NOAA) 


= 


Beached. A measleslike virus killed hundreds of 
dolphins this summer. 


declared an Unusual Mortality Event, freeing 
up federal funding for NOAA’s Marine Mam- 
mal Health and Stranding Response Program 
(MMHSRP) to retrieve and assess the mam- 
mals’ remains. The team used molecular 
techniques to probe for the virus as well as 
traditional examinations of the dead animals’ 
lungs, brains, and lymph systems. The culprit 
appears to be a type of morbillivirus, a group 
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that includes viruses that cause measles in 
humans and distemper in dogs. 
Morbillivirus was also responsible for 
a 1987 die-off that killed more than 700 
dolphins. Wild dolphins exposed during 
that epidemic likely developed immunity to 
the virus, but animals born since 1987 are 
probably susceptible, says MMHSRP head 
Teri Rowles. The epidemic will continue 
until the number of susceptible animals 
dwindles, researchers predict. 
http://scim.ag/dolphinmeasles 


Rome 2 
Scientists Named Senatore a Vita 


Two well-known Italian scientists have been 
appointed “senator for life” by President 
Giorgio Napolitano to honor their contribu- 
tions to society. Physicist Carlo Rubbia, 79, 
and brain stem cell biologist Elena 
Cattaneo, 50, received the honor along with 
conductor Claudio Abbado and architect 
Renzo Piano on 30 August. Senators for 
life—of which there are now six—have the 
same voting rights as the 315 elected mem- 
bers of the Italian Senate. 

Rubbia shared the 1984 Nobel Prize in 
physics with Simon van der Meer and is 
still active at CERN in Geneva, Switzer- 
land. In addition to her research, Cattaneo 
is active in outreach and in public debates, 
including an ongoing fight against an 
unproven stem cell therapy in Italy 
(http://scim.ag/stemdebate). 

The Italian scientific community is 
cheering the announcement. “The appoint- 
ment of senators for life makes us proud as 
researchers and confirms the attention of 
the President of the Republic for the world 
of scientific research,” said Italian National 
Research Council President Luigi Nicolais 
ina press release. 
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Consent Rules at Issue 
After Preemie Controversy 


In the wake of a controversial study involv- 
ing premature infants, the U.S. government 
is considering changing how biomedical 
researchers inform patients about the risks 
of clinical experiments. The controversy— 
which put some neonatal research on hold 
for several months—was the subject of a 
28 August hearing held by the U.S. Depart- 
ment of Health and Human Services. 


No go? Preemie therapies may get new consent rules. 


The U.S. Office for Human Research 
Protections threatened to sanction 23 uni- 
versities for failing to adequately disclose 
the risks of death and blindness posed by 
the so-called SUPPORT trial, which com- 
pared oxygen therapies provided to 1316 
premature infants (Science, 19 April, 

p. 254). But it backed off following com- 
plaints from researchers, saying the issue 
needed more discussion (Science, 

14 June, p. 1270). At the meeting, bio- 
ethicists argued that researchers should be 
able to waive some consent requirements 
if a study—such as SUPPORT— involves 
providing patients with standard care they 
might receive anyway. But a number of 
parents involved in the trial said they never 
would have agreed if they’d been told about 
all the risks. http://scim.ag/preemieconsent 


NEWSMAKERS 
Science Wins Keck Prize 


Science magazine has won one of four 2013 
Communication Awards from the National 
Academy of Sciences, National Academy of 
Engineering, and Institute of Medicine. The 
annual awards, supported by the W. M. Keck 
Foundation, recognize excellence in report- 
ing and communicating science, engineer- 
ing, and medicine to the general public. Each 
award comes with a $20,000 prize. 

Science was honored in the magazine/ 
newspaper category for four articles from 
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a special issue on human conflict (18 May 
2012). The writers are Eliot Marshall, for 
“Parsing Terrorism”; Elizabeth Culotta, 

for “Roots of Racism”; Ann Gibbons, for 
“The Ultimate Sacrifice”; and Greg Miller, 
for “Drone Wars.” The awards committee 
described the collection of stories as “an 
articulate, wide-ranging examination of what 
social scientists have learned about human 
violence, conflict, and terrorism.” 

The other 2013 winners are: David 
George Haskell, for his book, The Forest 
Unseen; Joanne Silberner, David Baron, 
and PRI’s The World, for four radio pieces 
on “the hidden toll cancer takes in impover- 
ished nations”; and an online series in USA 
TODAY on the toxic legacy of abandoned 
lead factories. 


UC Davis Neurosurgeons Resign 


Two University of California, Davis, neuro- 
surgeons who tried to treat three people 
with terminal brain cancer by inserting gas- 


CREDITS (TOP TO BOTTOM): S. FRENCH ET AL., SCIENCE; © LEZLIE STERLING/THE SACRAMENTO BEE/ZUMAPRESS.COM 


www.sciencemag.org SCIENCE VOL 341 


Sharper View Reveals Earth's Innards 


Hawaii 


By probing thousands of kilometers of solid rock with seismic waves, seismologists have 
found a new kind of deep-Earth feature. The hottest rock—such as the plume rising 
through the mantle beneath Hawaii—has been particularly hard to image, driving a 
decades-long debate over how deep the sources of such hot spot plumes actually are. 

Thanks to powerful computers, however, seismologists can now spot new features 
using hot rock’s effect on the wiggles of seismic waves—not just the waves’ speed, as in 
earlier seismic imaging. Seismologist Scott French of the University of California, Berke- 
ley, and colleagues report online in Science this week that by using this “full-waveform 
inversion” technique, they have traced the Hawaiian plume (yellow) to a depth of at least 
1000 kilometers. That suggests plumes span the entire 2900-kilometer-thick mantle, not 
just its uppermost layer as many scientists have contended. 

The new imaging also reveals long “fingers” streaked across the Pacific 250 kilo- 
meters to 400 kilometers down (red)—apparently hot rock from the plumes flowing per- 
pendicular to midocean ridges, where new ocean tectonic plates form. 


trointestinal bacteria into their brains have 
resigned after internal investigations 

found that they failed to follow ethical 
guidelines governing medical research. 
Paul Muizelaar, 
former head of 

the neurosurgery 
department, retired 
and left the univer- 
sity in June; col- 
league Rudolph J. 
Schrot announced 
his resignation this 
summer, effective 
31 August. 

In 2010 and 2011, Muizelaar and Schrot 
applied live bacteria to the patients’ open 
head wounds, based on observations that 
postoperation infection can prolong life 
in patients with glioblastoma, the most 
common and deadly form of brain tumor. 
One individual survived for a year; the 
other two developed sepsis and died within 
weeks of surgery. 
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Although all three consented to the pro- 
cedure, the investigations, which began in 
2011, found that, among other infractions, 
the physicians violated university policy by 
taking steps to patent the treatment without 
proper approval—crossing a line between 
“innovative care,” which allows for untested 
treatments in dire circumstances, and more 
strictly regulated medical research. The sur- 
geons maintain they were acting in the inter- 
ests of the patients, expected to live no longer 
than 15 months without treatment. 


FINDINGS 
A Cap on Mammal Virus Numbers 


There are at least 320,000 viruses in mam- 
mals still waiting to be discovered, report 
scientists who have studied flying foxes 

in Bangladesh. From 2006 to 2010, the 
researchers caught hundreds of the big bats 
and collected urine and fecal samples as well 
as throat swabs before letting them go again. 
They then fished out all the viral sequences 
they could find belonging to nine virus fami- 
lies, including coronaviruses, herpesviruses, 
and influenza A viruses. 

They found 55 viruses in all, 50 of which 
had never been seen before. Using statistical 
methods, they found that three viruses were 
likely missed, for a total of 58. Extrapolat- 
ing to the 5486 other mammal species, that 
means about 320,000 viruses in total, the 
team reports this week in mBio. 

The research cost approximately 
$1.2 million, the authors calculate, and iden- 
tifying all 320,000 mammal viruses in the 
wild would cost about $6.3 billion. Peter 
Daszak, president of EcoHealth Alliance and 
one of the authors, says that identifying all 
viruses would help in combating future out- 
breaks. “It would be the beginning of the end 
for pandemics.” http://scim.ag/mammvir 


NOTED 


>The chairman of the U.S. House of Rep- 
resentatives science committee says that 
the Environmental Protection Agency 
(EPA) isn’t giving him the health and air 
pollution data he demanded in a con- 
troversial 1 August subpoena (Science, 
9 August, p. 604), and that the agency 
now stands in default. “You did not pro- 
vide ... anything new,” Representative 
Lamar Smith (R-TX) wrote on 3 Septem- 
ber to EPA chief Gina McCarthy. Smith 
set a new deadline of 30 September. 
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CHEMICAL WEAPONS 


U.N. Taps Special Labs 
To Investigate Syrian Attack 


On the last day of August, a German airplane 
landed at Rotterdam airport in the Neth- 
erlands. It carried the U.N. inspectors who 
investigated the alleged chemical attack in 
Syria, along with samples—probably hun- 
dreds of them, scientists say, from soil, water, 
blood, clothes, and hair—carefully labeled 
and jealously guarded to ensure their integrity. 
Two days later, the samples continued their 
journey to specialized chemical laboratories 
in Europe. In the coming days, those labs will 
deliver the official verdict on whether chemi- 
cal weapons were used in the 21 August attack 
near Damascus, which killed hundreds of 
men, women, and children— 
and if so, which ones. 

For the labs, which the 
United Nations has declined 
to identify, the exercise is an 
extremely rare opportunity to 
apply skills honed in decades 
of research, spurred by 
Saddam Hussein’s use of 
chemical weapons in Iraq in 
the late 1980s and a Japanese 
cult’s 1995 sarin attack on rid- 
ers of Tokyo’s subway sys- 
tem. The work has led to vast 
improvements in the detection 
of minute quantities of chemi- 
cal weapons or their break- 
down products, says Maarten 
Nieuwenhuizen, a consultant 
at TNO, a research organiza- 
tion in Rijswijk, the Nether- 
lands, that works for the Dutch 
ministry of defense. 

Among the key improve- 
ments are new methods to 
detect nerve gases attached to 
long-lived blood proteins that 
have “dramatically extended” 
the period in which scientists 
can find evidence after an attack, says Ralf 
Trapp, an independent consultant on chemi- 
cal weapons living in France. Whereas inves- 
tigators often had just a few days, they can 
now come in 3 or 4 weeks after an attack and 
find evidence. That difference could prove 
crucial in Syria, where 5 days elapsed before 
the U.N. inspection team moved in. 

Some experts have concluded from the 
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Environmental samples 


[ntact sarin (lasts hours) 


horrific footage from Syria—which showed 
victims suffering from paralysis and mus- 
cle spasms—that the most likely culprit 
was sarin or a related nerve gas. And some 
countries say the evidence is already in. On 
4 June, French foreign minister Laurent Fabius 
announced that a military lab had discovered 
the fingerprints of sarin in blood, urine, and 
hair samples from victims of earlier attacks, 
collected by Syrian doctors and smuggled out 
of the country by a reporter at Le Monde. Last 
Sunday, U.S. Secretary of State John Kerry 
added that a U.S. analysis of blood and hair 
samples from Syrian emergency workers also 


What are investigators looking for? 


Sarin gas 


¢ Degradation products (days) 
e Metabolites (days) 


© Protein adducts (weeks) 


Race against time. In the case of a sarin attack, scientists can find evidence in many 
types of samples; so-called protein adducts in blood and tissue last longest. 


fingered sarin in the Damascus attack. 

But intelligence from any single country 
“doesn’t hold power in the international law 
arena,” says Raymond Zilinskas, a chemi- 
cal and biological weapons specialist at the 
Monterey Institute of International Studies 
in California, especially if it’s unclear who 
collected the samples or had access to them. 
“There’s always going to be suspicions that 
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Biomedical samples 


e Metabolites (days) 


samples may have been tampered with,” says 
Alastair Hay, an environmental toxicologist 
at the University of Leeds in the United King- 
dom. The U.N.-led investigation, in which 
custody is assured from beginning to end, 
“provides legitimacy,” Hay says. 

Although the United Nations is formally in 
charge, it has entrusted most of the work to the 
Organisation for the Prohibition of Chemical 
Weapons (OPCW) in The Hague, established 
in 1997 to verify adherence to a 1993 global 
agreement banning chemical arms. (Syria is 
one of the few countries that has not signed.) 
OPCW, which has never before undertaken 
an investigation, has a network of 21 desig- 
nated, highly specialized institutions, includ- 
ing TNO, in 17 countries. To shield the labs— 
many of them military establishments— 
from media attention or other types of 
unwanted pressure, OPCW hasn’t revealed 
which ones it picked to help in the Syria inves- 
tigation, but a U.N. spokesper- 
son says that all are in Europe. 

Scientists at the labs have 
various ways of demonstrating 
the use of chemical weapons, 
many of which break down 
quickly after being deployed. 
They can look for the agents 
themselves, or their degrada- 
tion products, in environmen- 
tal samples such as soil, water, 
victims’ hair and clothes, or 
shrapnel. Sometimes, these 
can provide very specific 
clues: A compound called 
isopropyl methylphosphonic 
acid, for instance, is a unique 
breakdown product of sarin. 

Environmental samples 
can occasionally provide evi- 
dence long after the fact. In 
1992, Hay was part of a team 
that found evidence of the use 
of sarin and mustard gas at a 
site in Iraq where Hussein was 
suspected to have used chemi- 
cal weapons 4 years earlier. 
“We were very lucky,” Hay 
says, because the compounds 
had been buried at high concentrations inside 
the craters created by rockets. 

In general, however, environmental evi- 
dence is hard to detect after just a few days, 
says TNO analytical chemist Marcel van der 
Schans. In contrast, “the clock ticks more 
slowly” for biomedical samples, such as 
urine, blood, or tissue, he says. These samples 
can also prove that an attack actually harmed 
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people, Nieuwenhuizen says: “You add the 
human side of the story.” 

Blood, in particular, is now a valuable 
source of information. Organophosphate 
nerve gases like sarin do their horrific job by 
binding to an enzyme called acetylcholines- 
terase, which plays a key role in muscle con- 
trol. But they cling to other proteins in blood 
as well, forming so-called protein adducts 
that are detectable even weeks after exposure. 
In weapons investigations, analytical chem- 
ists usually focus on an abundant blood pro- 
tein called butyrylcholinesterase. New tech- 
niques make it possible either to dislodge the 
nerve gas from the protein and measure the 


As Syria Crisis Mounts, Scientist Looks 
Back at Last Major Chemical Attack 


agent using gas chromatography, or to break 
down the proteins and measure the fragment 
modified by the poison. 

The techniques, based on basic research at 
TNO’s own laboratory, can’t always discrim- 
inate between so-called G-agents, includ- 
ing sarin, and V-agents, such as VX, because 
the agents lose a chemical group that distin- 
guishes them as they bind to human proteins. 
But that may not matter for the purpose of the 
investigation, Van der Schans says. 

Normally, the labs have 2 weeks to sub- 
mit a report on their investigation, but U.N. 
Secretary-General Ban Ki-moon has asked 
OPCW to expedite its analysis if scientifically 
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possible. The report may not show whether 
the Syrian government is responsible for the 
attacks, as the United States and France main- 
tain, or whether the rebels launched them, as 
Syria and its allies say. Some clues—such as 
impurities, traces of stabilizing chemicals, or 
characteristics of shrapnel—could shed light 
on the culprit, and OPCW protocols stipu- 
late that labs can report such information. 
But they are expected to stick to the scientific 
facts, Trapp says. “They will put all of the evi- 
dence together and paint a picture that makes 
it possible for others to draw conclusions.” 

—MARTIN ENSERINK 
With reporting by Jocelyn Kaiser. 


Before the alleged nerve gassing 2 weeks ago in Syria, the worst such 
chemical weapons attack against civilians in history was the March 1988 
bombing of Kurds in the village of Halabja in northern Iraq by Saddam 
Hussein. At least 3200 people are thought to have died from a combi- 
nation of nerve agents and mustard gas. Iran and the Kurds invited the 
nonprofit organization Doctors Without Borders to investigate. 

The team arrived a week after the attacks and stayed for 5 days. It 
included Dirk Dons, a young assistant in a toxicology laboratory at the 
State University of Ghent in Belgium (now Ghent University). Dons spoke 
with Science about his experiences. (Although Dons now works for the 
Belgium military, he spoke as a private citizen.) For a longer version of 
this interview, see http://scim.ag/DirkDons. 


Seeking justice. Iraqi Kurds carry photos of victims of the 1988 mustard and 
nerve gas bombing of Halabja. 


-JOCELYN KAISER 
Q: Did you also visit survivors? 
D.D.: We took blood and urine samples from survivors in refugee camps 
and from people in the region who were in hospitals. Another part of the 
investigation was interviews. We went to hospitals where we could inter- 
view some victims if they were able to answer our questions. It was always 
with interpreters. You lose a lot of things during these interviews. 

We also talked to first responders and especially first responders with 
a lot of experience. In Tehran we spoke with [toxicologists and physicians 
who] treated patients. They had a lot of experience with the treatment. 


Q: Can you describe your visit? 

D.D.: | went with two doctors to Halabja. That was the 25th of March, 
so only 8 days later. We saw a lot of dead bodies. We did an estimation 
of the dead. We counted the streets, we counted bodies in some area, 
and then you made a calculation. We had a good estimation of the area 
because with a chopper [helicopter] we went over the area. We calculated 
5000. Iran said 5500; Human Rights Watch estimated 3500. 

We took samples from soil, vegetation, we took little dead animals, 
we took a lot of pictures. We took blank samples, too. Because we were 
following our own [Ghent] lab’s standard operating procedures. At that 
moment there were no procedures from the Organisation for the Prohi- 
bition of Chemical Weapons or from the United Nations. There was no 
accepted chain of custody protocol. 

The only thing that we took as detection equipment was a chemical 
agent monitor, a handheld ion mobility spectrometer. We could make 
a distinction between vesicants [blistering agents such as mustard gas] 
and neurotoxins [such as sarin]. 


Q: What was it like seeing victims of the attacks? 

D.D.: | was rather young, | was in my 20s. It was shocking. It was one 
of the most awful things that | have seen in my life. But | was accom- 
panied by Dr. Reginald Moreels, president of [Doctors Without Borders] 
Belgium, who was a surgeon with a lot of experience in war regions. 
He calmed me down. He said, “You've got to think, ‘You've got a job to 
do.’ At that moment you try to become rational. The empathy for the 
things you see stops. Then you only think, I’ve got to do this job collect- 
ing samples, make an estimation of the dead people. You stop looking at 
Q: The bodies had not been moved yet? the children and the women who are the victims. 
D.D.: It was not possible. It was a fighting area. When we were there, jets 
were flying over. We had a time slot of 2 hours and during this 2 hours 
we had to do everything on that spot. It’s very difficult to do the job as 
an inspector. You don’t know the place and you've got to get a quick 
impression and start. 


Q: What happened after your visit? 

D.D.: We made our report from the visit. We tried to keep to the facts. 
That’s one thing | learned during that mission. You can’t say who is 
responsible when you only do interviews and you only take samples. 
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SYNTHETIC BIOLOGY 


Fluorine-Adding Bacteria May 
Transform Natural Product Medicines 


The element fluorine is highly reactive, 
toxic in many compounds, and almost 
entirely irrelevant in biology. But chemists 
who make medicines adore it. In 2012, three 
of the top 10 best-selling drugs, with sales 
of more than $20 billion, contained the ele- 
ment. By adding a touch of fluorine, chem- 
ists can fine-tune the properties of would-be 
drugs, helping them selectively latch on to 
their targets, avoid destruction by enzymes, 
and wade through the fatty membranes sur- 
rounding cells. The trick works best with 
small molecules; when chemists add fluo- 
rine to very large ones, such as the antibiotic 
erythromycin and other large compounds 
made by living things, it usually destroys 
the function of the molecule. 

Natural products chemists may soon 
gain a new level of control—by enlisting 
biology itself to add the fluorine. On page 
1089, researchers at the University of Cal- 
ifornia, Berkeley, and Stanford University 
in Palo Alto, California, report that they’ve 
engineered bacteria to make key fluorine- 
containing starting materials and then 


incorporate them into compounds called 
polyketides, a diverse class of some 20,000 
known molecules that contains some of 
medicine’s most powerful antibiotics, anti- 
fungals, and insecticides. 

“It’s exciting,” says Wilfred van der 
Donk, a chemist at the University of IIli- 
nois, Urbana-Champaign. “Fluorine plays 
a really important role in medicinal chem- 
istry.” Many complex natural products are 


potential drugs but have problems with tox- 
icity, being cleared by the body too quickly, 
and other concerns, van der Donk notes. 
Chemists would love to have the power of 
natural products yet be able to tailor them 
like small molecules. “Now you have the 
best of both worlds if you can do this effi- 
ciently,” van der Donk says. 

Fluorine’s medicinal prowess stems 
from its eagerness to snag an electron from 
another atom, forming a very tight bond. 
Because bonds between fluorine and carbon 
are so hard to disrupt, they make organic 
compounds less susceptible to degrada- 
tion by enzymes called P450s that normally 
break down small drug molecules quickly. 


Key atom. Drugs, such as the antichloresterol medication atorvastatin (left), use fluorine (green) to improve 
their properties. Chemists can now do the same for large molecules, such as erythromycin (right). 


Protein Designers Go Small 


For living things, the task is a cinch: Make proteins that can bind tightly 
and specifically to small molecules, such as the neurotransmitter nitric 
oxide. Protein engineers would love to mimic the feat to create new 
drugs and diagnostics. In the past, their best efforts at computer-aided 
protein design fell short, because small molecules have few chemical 
handles for proteins to latch onto. 

No longer. This week in Nature, researchers led by computational 


Tight fit. An atomic scale x-ray structure (magenta) of a protein bound to 
a small molecule reveals a close match to the computer prediction (gray). 
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protein designer David Baker at the University of Washington, Seattle, 
and structural biologist Barry Stoddard of the Fred Hutchinson Cancer 
Research Center in Seattle report that they've designed a protein to 
tightly grab a heart drug steroid called digoxigenin, while excluding 
similar steroids such as digitoxigenin (even the name is almost indistin- 
guishable) and progesterone. 

“It's a very impressive result,” says Brian Kuhlman, a biochemist at 
the University of North Carolina, Chapel Hill. And it is long-awaited. 
Ten years ago, for example, Duke University researchers published two 
papers claiming that they had created a protein tailored to a specific 
small molecule, only to have a former postdoctoral assistant from the 
same lab challenge the results in 2009. 

Baker and his group succeeded using a multipronged approach. 
Among the most important considerations, Baker says, they designed 
their algorithm to pay special attention to weak hydrogen bonds and 
van der Waals interactions between particular amino acids in the pro- 
tein and water-loving “polar” portions of the molecule. They also 
designed the binding pocket that grabs digoxigenin to be fairly rigid, 
which makes the protein more selective for the compound. 

The new work holds out hope that protein designers will be able 
to use similar techniques to design novel therapeutics that sop up 
unwanted small molecules in the body, as well as diagnostics that can 
find similarly small targets. But more than that, Kuhlman says, the work 
restores protein engineers’ confidence that they can solve one of their 
greatest challenges. “It’s a very powerful example that in some cases 
we can do this.” 

—-ROBERT F. SERVICE 
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Fluorine’s small size also allows medicinal 
chemists to swap it into molecules in place 
of tiny hydrogen atoms or small methyl 
groups (a carbon atom bound to three 
hydrogens) without changing the shape of 
the molecule. The change often increases 
the overall electronic stability of the com- 
pound and typically makes it easier for it to 
associate with lipids and thus cross the fatty 
lipid-rich cell membranes. 

In developing small-molecule drugs, 
chemists can add fluorine at specific posi- 
tions on a molecule. But in large drug com- 
pounds, it is hard to control where fluorine 
atoms will end up. To get around this prob- 
lem, researchers led by Michelle Chang, a 
chemist at Berkeley, and Chaitan Khosla, 
a biochemist at Stanford, reengineered two 
key changes into Escherichia coli bacte- 
ria that had previously been engineered to 
make polyketides. First, they equipped the 
bacteria to process a cheap fluorinated com- 
pound called fluoroacetate, a substance that 
they normally shun. To do so, the Califor- 
nia team inserted a gene for a protein that 
enables the microbes to convert fluoro- 
acetate into a fluorinated version of a key 
polyketide building block called malonyl- 
coenzyme A (malonyl-CoA). 

Normally in E. coli, the enzymes that 
take up malonyl-CoA would ignore its 
fluorinated relative. So Chang’s team 
mutated the native malonyl uptake gene 
to inactivate it, and then replaced it with 
one that produces a protein more toler- 
ant of the fluorinated building block. 
Their strategy worked. By further tailor- 
ing the genes of E. coli, they not only got 
the microbes to incorporate fluoromalonyl- 
CoA into polyketides, but also were able to 
control at which position on the molecule 
the fluorine was incorporated. “Having the 
blueprint to do this inside an organism is 
really exciting,” van der Donk says. 

That doesn’t mean the work is done. 
Polyketides that serve as medicines are 
typically far more complex than the paired 
ring structures produced by these E. coli. 
But Chang notes that microbes build that 
complexity by repeatedly adding the build- 
ing blocks that the team worked with, and 
then refining the structure. “We’re definitely 
happy that these results are a stepping stone 
into making some useful compounds,” 
Chang says. 

Not just useful. Finding a way to selec- 
tively add fluorine to large drug molecules 
could revolutionize natural product medicines 
much as it has already done for the block- 
buster drugs that people rely on every day. 

—ROBERT F. SERVICE 
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Japan Gets Serious About 
Creating Its Own NIH 


TOKYO—As Japan tries to spend its way 
out of economic stagnation, its scientists 
are poised to share in the bounty. Govern- 
ment agencies unveiled their 2014 bud- 
get requests last week; the Ministry of 
Education is seeking a 20% increase, to 
$12 billion, for S&T funding. But one gov- 
ernment initiative is ruffling feathers in the 
scientific community: A new Cabinet-level 
team is calling for a collection of biomedi- 
cal research projects intended to form the 
nucleus of a Japanese version of the U.S. 
National Institutes of Health (NIH). 

While the U.S. agency ranges across 
basic, translational, and clinical research, 
Japan’s will stress outcomes. “Many 


Major Research Initiatives Under 
Japan's Health and Medical Strategy* 


$215 million 
$100 million 
$61 million 
$96 million 
$167 million 
$164 million 
$130 million 
$310 million 


$167 million 
*proposed 2014 spending 


researchers agree on the need to better con- 
nect basic [biomedical] research and clini- 
cal research,” says Takashi Onishi, an engi- 
neer who is president of the Science Coun- 
cil of Japan, the nation’s largest grouping of 
researchers. But he says the scientific com- 
munity has had little input into the planning 
process so far, leading to fears that basic 
research could suffer. 

Prime Minister Shinzo Abe started 
calling for a Japan NIH to be part of his 
economic growth strategy last spring. In 
endorsing the concept in June, the adminis- 
tration’s Industrial Competitiveness Coun- 
cil noted that a Japan NIH could “strongly 
support the commercialization of inno- 
vative medical technologies” (Science, 
21 June, p. 1384). Last month, Abe estab- 
lished a health and medical strategy promo- 
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tion team, comprising the entire Cabinet, to 
oversee planning. 

Compared with the U.S. NIH, which 
has an annual budget of $30 billion and a 
sprawling research portfolio, Japan’s ver- 
sion will start out small and goal-driven. On 
30 August, the promotion team announced a 
plan to spend $1.4 billion—a 37% increase 
over comparable spending this year—on 
nine major research initiatives (see table). 
The team also set targets: The cancer initia- 
tive, for example, should have 10 or more 
new therapies in clinical trials by 2020. 

An official with the Cabinet’s Health 
Policy Office says the initiatives grew 
out of research efforts at three relevant 
ministries—education, health, and econ- 
omy. Agencies typically negotiate individ- 
ually with the finance ministry to finalize 
amounts that are bundled into a govern- 
mental budget that goes to the legislature in 
December and takes effect in April. For the 
health and medical strategy, the promotion 
team will coordinate plans among the three 
ministries and craft a unified budget item. 
The ministries will be responsible for dis- 
tributing and managing the funds. 

The health and medical strategy team, 
with input from expert advisers, also plans 
to hammer out a detailed plan for the Japan 
NIH by January and gain passage of autho- 
rizing legislation by March. The team will 
have to wrestle with questions such as 
whether the Japan NIH will have its own 
campus and directly manage research insti- 
tutes, and what will happen to the educa- 
tion ministry’s investigator-initiated grants, 
known in Japan as grants-in-aid for scien- 
tific research. 

Many in the scientific community feel 
they have been left in the dark as the plans 
took shape. “Scientists really do not want 
to see that NIH plan undermine the grants- 
in-aid,” says Yoshiko Takahashi, a devel- 
opmental biologist at Kyoto University 
who serves on an education ministry advi- 
sory committee. 

At least at first, the education minis- 
try will continue to manage the grants-in- 
aid program separately from the health and 
medical strategy. But while the government 
is pumping money into Japan’s NIH, the 
education ministry is seeking a mere 1% 
increase, to $2.38 billion, for those grants. 

—DENNIS NORMILE 
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PLANT BIOLOGY 


Evolution Heresy? Epigenetics 
Underlies Heritable Plant Traits 


LISBON—For some evolutionary biolo- 
gists, just hearing the term epigenetics 
raises hackles. They balk at suggestions 
that something other than changes in DNA 
sequences—such as the chemical addi- 
tion of methyl groups to DNA or other 
so-called epigenetic modifications— 
has a role in evolution. All of which guar- 
antees that a provocative study presented at 
an evolutionary biology meeting* here last 
month will get close scrutiny. It found that 
heritable changes in plant flowering time 
and other traits were the result of epigenetics 
alone, unaided by any sequence changes. 

The result could be a milestone in the 
debate, says Oliver Bossdorf, a plant evo- 
lutionary ecologist from the University of 
Tiibingen in Germany. “I expect this will 
become a landmark paper.” At the very least, 
it will stoke one of the hottest topics in evo- 
lutionary biology. Nontraditional mecha- 
nisms of inheritance were the focus of three 
symposia at the meeting, two with standing 
room only attendance. “It’s an exploding 
field,’ says Etienne Danchin, an evolution- 
ary biologist at CNRS, the French national 
research agency, in Toulouse. 

For 50 years, changes in an organ- 
ism’s DNA sequence have been considered 
the sole currency of evolution. Epigen- 
etic mechanisms—methylation and other 
chemical modifications that do not alter the 
sequence of DNA bases—can also influence 
a trait, by suppressing or promoting a gene’s 
activity. But those changes were thought 
to be too ephemeral to affect evolution. 
Although a few researchers have shown that 
epigenetic modifications can persist through 
several generations, critics would point out 
that these studies couldn’t rule out undis- 
covered genetic variation might really be 
in play. “The burden of proof is on the epi- 
geneticist,’ Bossdorf says. 

Now, quantitative geneticist Frank 
Johannes of the University of Groningen in 
the Netherlands has tried to provide it. At the 
meeting, he described how he and colleagues 
tied DNA methylation patterns to heritable 
variation in flowering time and root length 
in different strains of the model plant Arabi- 
dopsis thaliana. The team was able to home 
in on differentially methylated DNA regions 
that were responsible for the variation—and 


*The XIV Congress of the European Society for Evolu- 
tionary Biology was held 19-24 August. 
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to show that DNA sequences near and far 
from those sites were almost identical in all 
the lines. 

The origins of Johannes’s analysis lie 
in work by Vincent Colot from the Institut 
de Biologie de l’Ecole Normale Supéri- 
eure in Paris and Philippe Guerche and 
Frédéric Hospital, colleagues from the 


Epi-evolution? Hundreds of specially bred lines of 
Arabidopsis (bottom) reveal that epigenetic modifica- 
tions underlie heritable variation in flowering time. 


French agricultural research agency, INRA. 
Seven years ago, they crossed two nearly 
genetically identical Arabidopsis strains, 
one normal and the other lacking a gene 
whose protein helped maintain methylation. 
Through further breeding, the researchers 
created 500 Arabidopsis strains with dis- 
tinct patterns of low and high methylation 
sites in their genomes—a catalog of epigen- 
etic variation that researchers could then 
study for links to physical traits in the plant 
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lines. “To create these lines was really bril- 
liant,” Bossdorf says. 

In 2009, Johannes and his colleagues 
reported that some methylation patterns in 
these lines were stable over the eight gener- 
ations tested. They also noticed differences 
in the plants’ flowering times and heights. 
Since then, Colot, Johannes, and their col- 
leagues managed to pinpoint a few regions 
on the plant chromosomes that control flow- 
ering time and root length—and established 
those same sites had differences in methyla- 
tion among the various plant lines. 

Colot and his collaborators sequenced the 
genomes of 80 of the Arabadopsis lines stud- 
ied, and with Johannes, have found almost no 
differences in the DNA at those same sites. 
The researchers also ruled out that the trait 
changes were caused by transposable ele- 
ments, rogue DNA that’s typically held in 
check by methylation. “So the heritable basis 
[of the traits] had to be due to differential 
methylation,” Johannes concluded. 

The study is “a huge step forward in 
showing that [methylation] has an impact 
in phenotype and matters in natural varia- 
tion,” says Christina Richards, an evolution- 
ary ecologist from the University of South 
Florida in Tampa. 

Yet she and others note the work has lim- 
itations. “The source of variation was very 
artificial” in the lab-made strains, Richards 
notes, and Arabidopsis, with its unusually 
small plant genome, may not reflect what 
happens in other plants. “We still need more 
evidence that these are true effects and that 
this is something that influences evolution 
in natural populations,” adds Jon Agren, an 
evolutionary ecologist at Uppsala Univer- 
sity in Sweden. 

Johannes says his team found similar con- 
nections between methylation and flowering 
time in natural strains of this plant, indicating 
that the laboratory study has some relevance 
to wild populations. But the experiment 
doesn’t address the most controversial aspect 
of epigenetics and evolution—whether an 
environmental stress can alter an organism’s 
epigenetic markings and lead to a perma- 
nent trait change that’s acted upon by natural 
selection—a notion that, to some, sounds sus- 
piciously like Lamarckism. 

“A lot more hard evidence is neces- 
sary before one can claim that epigenetics 
plays a very important role in evolution,” 
says ecological geneticist Koen Verhoeven 
at the Netherlands Institute of Ecology in 
Wageningen. And, Richards adds, “people 
are really stubborn about accepting that 
that’s possible.” 

—ELIZABETH PENNISI 
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FOR COSMOLOGISTS, IT WAS THE MOST 
eagerly awaited result in a decade—and to 
some, an enormous letdown. This March, 
scientists working with the European Space 
Agency’s Planck spacecraft presented the 
best study yet of the afterglow of the big bang, 
the so-called cosmic microwave background 
(CMB). Since the 1990s, measurements of 
the microwaves had confirmed that the cos- 
mos burst into existence instantaneously and 
revealed how much matter and energy it con- 
tains. Cosmologists hoped Planck would pro- 
vide even deeper insights. 

Planck did everything it was supposed 
to do. Launched in 2009, it measured tiny 
variations in the temperature of the CMB 
across the sky with exquisite precision. The 
results were a near-perfect fit to what the- 
ory predicted. And that was the problem: 
“There’s no evidence that there’s new phys- 
ics required beyond what we knew before,” 
says George Efstathiou, a cosmologist at 
the University of Cambridge in the United 
Kingdom and member of the Planck team. 

Cosmologists aren’t alone in feeling sty- 
mied. For decades, particle physicists have 
struggled in vain to find something their 
own standard model cannot explain—with 
one notable exception (see sidebar, p. 1058). 
Last year, physicists discovered a parti- 
cle called the Higgs boson, the last miss- 
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Boxed In 


In a year of triumphs for their reigning models, cosmologists and 
particle physicists yearn for something new that they can’t explain 


ing piece in that master theory, and this 
year they confirmed that the Higgs has the 
basic properties predicted by the standard 
model. Many would be happier if it didn’t. 
“Everybody would say, ‘Yay!’ says Robert 
Plunkett of Fermi National Accelerator Lab- 
oratory (Fermilab) in Batavia, Illinois. 

Cosmologists and particle physicists 
haven’t explained everything. Neither of 
their standard models, for example, sheds 
any light on origins of the mysterious dark 
matter whose gravity binds the galaxies or 
the bizarre dark energy that’s accelerating 
the expansion of the universe. Still, what the 
models do explain, they explain so well that 
scientists find themselves explicitly strug- 
gling to poke holes in their own theories. “We 
know that they’re incomplete,” Efstathiou 
says. “So you just have to push until the mod- 
els crack—and they will crack.” 

But where? Theorists have dreamed up 
all sorts of wild theories beyond the standard 
models. But, practically speaking, experi- 
menters point to a handful of most-promising 
spots in which to dig for something new— 
although none guarantees a treasure. 


The Higgs and what else? 

For particle physicists, the question is sim- 
ple: Can they find something new besides the 
Higgs boson? If so, it is most likely to appear 
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in the birthplace of the Higgs itself: the 
27-kilometer-long Large Hadron Collider 
(LHC) at CERN, near Geneva, Switzerland. 
Since it started taking data in 2010, the LHC 
has collected only 1% of the total expected 
by 2030. And some physicists say the dis- 
covery of the Higgs itself suggests other new 
particles will turn up in the 99% to come. 

The argument stems from the role of the 
Higgs. Ordinary matter consists of a hand- 
ful of particles: the up quarks and down 
quarks that form the protons and neutrons 
in atomic nuclei, the electrons that flesh out 
the atom, and the neutrinos that emerge in 
nuclear decay called beta decay. These parti- 
cles have two sets of heavier cousins that can 
be blasted into fleeting existence with atom 
smashers. The standard model describes how 
such particles interact through three forces: 
the electromagnetic force, which creates 
light; the strong force, which binds quarks; 
and the weak force, which causes beta decay. 
(The theory doesn’t include gravity.) 

But there’s a catch: Assigning masses to 
the particles spoils the mathematical sym- 
metries on which the whole theoretical con- 
struct depends. So somehow the particles 
must create their own mass by interacting 
with one another. 

That’s where the Higgs comes in. Physi- 
cists assume the vacuum contains a field a bit 
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Picture perfect. Standard cosmology accounts for 
every ripple in the cosmic microwave background. 


like an electric field. Particles interact with 
that “Higgs field” to gain energy and, thanks 
to the equation E = mc’, mass. Just as an elec- 
tric field consists of quantum particles called 
photons, the Higgs field consists of Higgs 
bosons lurking “virtually” in the vacuum. 
When physicists blasted the Higgs out of hid- 
ing, they proved nature uses this scheme. 

That feat also suggests more particles 
await discovery. In a bit of feedback, parti- 
cles popping in and out of the vacuum should 
affect the Higgs, and standard model parti- 
cles should make its mass soar a quadrillion 
times higher than is observed. Either that or 
a certain parameter must be fine-tuned to 
23-digit precision to cancel out the excess. 
Such a coincidence is far-fetched, physicists 
argue. Instead, they say, new particles should 
exist that would counteract the effect in a 
more “natural” way. 

In particular, something must exist to 
counteract the one standard model particle 
that interacts with the Higgs most power- 
fully, the weighty top quark. “The argument 
is really “We’ve got to find a partner to the 
top quark,’” says Joseph Incandela of 
the University of California (UC), Santa 
Barbara, spokesperson for the team work- 
ing with the CMS particle detector at the 
LHC, which spotted the Higgs. Such parti- 
cles should be within the LHC’s reach, says 
Beate Heinemann of UC Berkeley, a dep- 
uty spokesperson for the team working with 
the ATLAS detector, which also spotted the 
Higgs. “If they’re not light enough so that we 
can see them, then they’re also so heavy that 
they won’t help with the problem,” she says. 

Some physicists say that this naturalness 
argument has had its day. Decades ago, they 
note, the same argument spawned a concept 
called supersymmetry, which posits for each 
known particle a massive “superpartner.” Yet 
collider experiments haven’t turned up a sin- 
gle superpartner, says Guido Altarelli, a the- 
orist at the University of Rome (Roma Tre), 
so the whole idea needs a rethink. “If you ask 
me whether there will be new physics at the 
LHC, I don’t know,” Altarelli says. “How- 
ever, based on what we have already seen, I 
strongly suspect the answer is no.” 

Physicists should know in a few years. 
The LHC is undergoing repairs that should 
nearly double its energy when it comes back 
on in 2015. A couple of years’ worth of data 
should then tell physicists if there’s anything 
within the collider’s reach. 

If nothing turns up, researchers may have 
to seek new physics in more precise mea- 
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surements of familiar particles. For exam- 
ple, the LHC feeds a smaller detector called 
LHCb that studies particles called B mesons, 
which contain a hefty bottom quark and a 
lighter antiquark. Those particles’ properties 
are affected by other particles popping in and 
out of existence within them. So if they stray 
too far from the standard model predictions, 
the discrepancies could be a sign of new par- 
ticles at work—possibly ones too heavy to be 
produced by the LHC. 

“You have at least an equal chance to see 
new physics in these precision experiments 
as you do directly at the LHC, maybe even 
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Ordinary matter settled into the clumps to 
form the galaxies. 

ACDM fits the data—including the latest 
results from Planck—with breathtaking pre- 
cision, but as a theory many find it wanting. It 
assumes only generic definitions of ingredi- 
ents such as dark matter and dark energy (for 
example, dark matter is matter that doesn’t 
interact with radiation) and doesn’t say what 
they really are. “It’s not a theory, it’s math,” 
says Adam Riess, a cosmologist at the Space 
Telescope Science Institute in Baltimore, 
Maryland. “I don’t find it that satisfying that 
the math is simple.” 
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Weight check. A Higgs boson should gain mass by turning into a top quark and an anti-top quark and back into 
a Higgs (inset, top). Physicists at the LHC (pictured) suspect a new particle counters that effect (inset, bottom). 


more,” says Hassan Jawahery, an LHCb 
member from the University of Maryland, 
College Park. Figuring out what you’ve 
found may be harder, however. 


Filling in the known unknowns 

An equally fruitful place to hunt for new 
physics is the universe at large. Some cosmol- 
ogists, too, feel they have reached a stalemate 
with their own standard model—but unlike 
the standard model of particle physics, theirs 
is tantalizingly incomplete. 

Known as ACDM (pronounced “lambda 
CDM”), the model gives a simple recipe 
for the cosmos: 5% ordinary matter, 27% 
cold dark matter (the CDM), and 68% dark 
energy. (The “A” stands for the simplest ver- 
sion of dark energy.) Within the first 10°? 
seconds, it holds, the universe doubled and 
redoubled its size 60 times in a faster-than- 
light growth spurt called “inflation,” which 
pulled space geometrically “flat” like a taut 
bedsheet. Inflation also hugely magnified tiny 
quantum fluctuations in the universe’s den- 
sity, into which dark matter gravitated to form 
a “cosmic web” of vast filaments and clumps. 
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The gaps may open an opportunity. For 
example, inflation is essentially a useful 
“Just-so story” that explains the flatness and 
near-uniformity of the universe. But close 
study of the CMB could help reveal what 
drove inflation—and the answer could point 
to physics beyond our current understanding. 

The microwaves in the CMB are polar- 
ized, like light reflecting off a lake. And 
gravity waves rippling through the uni- 
verse during inflation should have left swirls 
known as “B modes” in the pattern of polar- 
ization across the sky. The strength of the 
swirls should reveal the energy density of the 
universe during inflation and give theorists 
their first solid data on the quantum process 
that caused the blowup. A half-dozen teams, 
including Planck’s, are racing to spot such 
“primordial” B modes. 

Others hope to decipher dark energy, 
perhaps the biggest mystery in all of phys- 
ics. Cosmologists discovered it 15 years ago 
when they used stellar explosions called type 
Ia supernovae to trace the history of the uni- 
verse’s expansion. In shocking contrast to 
expectations, they found that the expansion is 
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The Unruly Neutrino 


One clan of particles shamelessly flouts the rules of physicists’ standard 
model: neutrinos. The theory says that they shouldn’t have mass. Yet they 
do, and from the perspective of the theory, they misbehave wildly. “In neu- 
trino physics there are places where you could have 10, 20, or 50% devia- 
tions from the standard model,” says Patrick Huber, a theorist at the Virginia 
Polytechnic Institute and State University in Blacksburg. For those seeking 
new physics, “that makes it a worthwhile place to look.” 

Born of a type of nuclear decay, neutrinos interact with matter so weakly 
that they can easily zip through a light-year of lead. They come in differ- 
ent “flavors,” and in 1998, physicists working with the Super-Kamiokande 
detector in a mine near Hida, Japan, showed that neutrinos generated when 
cosmic rays strike the atmosphere change flavor in flight. That morph- 
ing proves that neutrinos have mass, though just a trace—less than a bil- 
lionth as much as an electron. Were neutrinos massless, then according to 
Einstein's theory of relativity, they would have to travel at light speed. In 
that case, time would stand still for them and change would be impossible. 

For all their unruliness, “you're absolutely allowed to say that there 
is an emerging picture” of neutrinos, says André de Gouvéa, a theorist at 
Northwestern University in Evanston, Illinois. Their three flavors—electron, 
muon, and tau—blend into one another in “oscillations” that are described 
by just six parameters: the three differences in the masses, which deter- 
mine the speeds of the oscillations, and three abstract mixing angles, which 
determine how much different flavors mix. In just the past 18 months that 
model has come in to much sharper focus. 

In March 2012, physicists with the Daya Bay Reactor Neutrino Experi- 
ment in China measured the last unknown mixing angle and found that 
it was bigger than many had assumed. All three mixing angles are now 
known to be bigger than zero, and that result implies that neutrinos and 
antineutrinos could oscillate differently—an asymmetry called CP violation 
that could help explain how the universe generated so much more matter 
than antimatter. The Daya Bay result in particular suggests that CP violation 
could be relatively easy to spot—if it’s there—says Robert Plunkett of Fermi 
National Accelerator Laboratory (Fermilab) in Batavia, Illinois: “Things that 
were thought to be very difficult are within striking distance.” 

The emerging model grew even crisper this March, when cosmologists 
with the European Space Agency’s Planck spacecraft released their study of 
the cosmic microwave background. The analysis probes the number of neu- 
trino flavors and casts doubt on previous hints that a fourth, “sterile” neu- 
trino might exist. “The vanilla cosmology with three neutrinos works great,” 
de Gouvéa says. “That's sad but true.” 

Physicists plan to put their understanding to the acid test in ever 
larger experiments that shoot neutrinos hundreds of kilometers through 
Earth, allowing them to change flavors along the way. In the United 
States, the proposed Long-Baseline Neutrino Experiment would fire 
neutrinos 1300 kilometers from Fermilab to a detector in an abandoned 


Elusive. To detect even a few neutrinos, physicists need huge detectors such 
as Japan’s Super-Kamiokande, which holds 50,000 tonnes of water. 


mine in South Dakota. In Japan, the planned Hyper-Kamiokande Exper- 
iment would shoot neutrinos 295 kilometers to a detector 20 times the 
size of Super-Kamiokande. 

Physicists hope that by taking enough different kinds of measure- 
ments, they may uncover discrepancies that challenge their current 
neutrino model. “If we try measuring neutrino mixing in many dif- 
ferent ways, will surprises emerge?” asks Mary Bishai, a physicist at 
Brookhaven National Laboratory in Upton, New York. “Will the three- 
flavor model start to break down?” 

Physicists would also like to know how neutrinos get their mass in the 
first place. Like other particles in the standard model, they could acquire 
it from interactions with the Higgs field. Or, more tantalizingly, they might 
get their mass through a so-called seesaw mechanism, which would relate 
the neutrino’s tiny mass to physics at an energy scale far higher than any 
particle accelerator could ever reach. But for this to happen, the neutrino 
must have one odd property: It must be its own antiparticle. 

To find out if it is, physicists are using underground detectors to look for 
a new type of nuclear decay called neutrinoless double beta decay, which 
can occur only if the neutrino is its own antiparticle. So far, no clear sight- 
ings have turned up. In July, the GERDA experiment in Italy's subterranean 
Gran Sasso National Laboratory showed that a previously claimed observa- 
tion in the isotope germanium-76 was spurious. If the decay exists, many 
researchers suspect it will take far bigger detectors, weighing a tonne or 
more, to spot it. Or it could be immeasurably small. 

Still, neutrino physics is the one place researchers have peeked beyond 
the standard model, giving these elusive particles a powerful allure. —A. C. 


speeding up, as if powered by some form of 
space-stretching energy. 

The key question is whether that dark 
energy is a property of space itself—a 
“cosmological constant,’ which Einstein 
denoted A—or something in space. To tell 
the difference, cosmologists want to know 
how the density of dark energy has changed 
over cosmic time. If dark energy is part of 
space, then its density should have remained 
constant. If it’s something in space, then its 
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density may have fallen as space expanded. 
The difference is captured in a single param- 
eter, w, which should be —1 for a cosmolog- 
ical constant and something like —0.9 for 
something else. “Our fondest hope is that 
we can give one more clue to the theorists,” 
Riess says. “What if w isn’t equal to —1? 
That would be pointing in a direction.” 
Planck may have already done a lit- 
tle pointing, Riess says. Its data yields a 
value for the expansion rate of the uni- 
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verse that differs slightly from the value 
measured directly by studying relatively 
nearby stars and galaxies. That could be a 
clue that dark energy has changed and isn’t 
a cosmological constant, he says, although 
the discrepancy is too small to stake a 
claim on. 

Other cosmologists are probing dark 
energy by looking at how structures such as 
galaxy clusters grew over time—a process 
slowed by dark energy’s space-stretching 
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effect. They are eager to see how the results 
fit with those from other methods such as 
supernovae, says Marcelle Soares-Santos, 
a Fermilab physicist working on the Dark 
Energy Survey, a 5-year study using the 
4-meter Blanco telescope at the Cerro Tololo 
Inter-American Observatory in Chile. If 
dark-energy measurements from superno- 
vae and from structure growth disagree, then 
gravity might behave differently on different 
scales, and dark energy could be an illusion 
produced by scientist’s misunderstanding 
of gravity. 


Common ground: stalking dark matter 
Perhaps the most fertile place to advance both 
particle physics and cosmology is in the area 
where the fields explic- 
itly overlap: the search 
for dark matter. For 80 
years, astronomers and 
cosmologists have seen 
its gravitational finger- 
prints. Now, physicists 
hope to spot particles of 
the stuff floating about. 

Dark matter could 
consist of so-called 
weakly interacting 
massive particles, or 
WIMPs: hypothetical 
beefy bits of matter that 
interact with ordinary 
matter only through 
the feeble weak force. 
The idea of WIMPs was 
born in 1980s, when 
theorists noted that 
if the infant universe 
spawned such parti- 
cles, then just enough 
of them should linger 
now to provide the dark 
matter—provided they 
weigh between about 10 
and 1000 times as much 
as a proton. Known as the “WIMP miracle,” 
that coincidence helped make WIMPs the 
leading dark-matter candidate. 

Scientists hope to detect WIMPs in sev- 
eral ways. Perhaps the LHC will blast them 
into existence—although it hasn’t yet. Or 
astrophysicists hope to spot them collid- 
ing in space and annihilating one another 
to produce other particles. In 2008, physi- 
cists with an Italian satellite experiment 
called PAMELA observed an excess of 
high-energy positrons that could come from 
such annihilations—although the positrons 
could also be coming from a more mundane 
source, such as a pulsar. 
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Shortcomings 


Most directly, physicists hope to see pass- 
ing WIMPs as they ping off atomic nuclei in 
sensitive particle detectors. “I’m biased, but 
I still believe that the direct search for dark 
matter is one of the most promising ways 
we can look for how the standard model is 
broken,” says Richard Gaitskell, a physicist 
at Brown University who works on a detec- 
tor called LUX at the Sanford Underground 
Research Facility in Lead, South Dakota. 

Teams have been leap-frogging one 
another in building bigger and more sen- 
sitive detectors deep underground, where 
they’re shielded from ordinary radiation. 
Researchers with the Cryogenic Dark Mat- 
ter Search (CDMS) are running a detector 
filled with 10 kilograms of germanium in the 
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but the Higgs exchange regime remains. 
“That’s right where we are,” Weiner says. 
“That’s the regime that the current experi- 
ments are probing.” 

In April, the CDMS team reported three 
events that could be signs of WIMPs a few 
times as massive as a proton. And for more 
than a decade, researchers with the DAMA 
experiment in Gran Sasso have claimed 
a signal of such light WIMPs. But those 
results remain to be confirmed, and the most 
likely mass range is still a few hundred times 
the mass of a proton, says Blas Cabrera, a 
CDMS team member from Stanford Univer- 
sity in Palo Alto, California. The tonne-scale 
detectors now being planned should be sen- 
sitive to those masses, Cabrera says. “Prob- 
ably 5 years from now is 
when we will have some 
more clarity,” he says. 


The unexpected 
Particle physicists and 
cosmologists have no 
assurances that any of 
the possibilities will 
come to pass. If nothing 
pans out, some acknowl- 
edge, they could find 
themselves simply veri- 
fying their prevailing 
theories over and over 
again. “It could easily 
happen that we come up 
against the limit of our 
understanding,” says 
Saul Perlmutter, a cos- 
mologist at Lawrence 
Berkeley National Lab- 
oratory in California. 


Doesn't include gravity, dark Doesn't explain what dark Still, Perlmutter says 
matter, or dark energy. matter or dark energy are, or he’s optimistic that more 
Doesn't account for neutrino how inflation happened breakthroughs will come 
abe see in unexpected ways 
arbitrary structure 


Soudan mine in Minnesota. The LUX detec- 
tor contains 370 kilograms of liquid xenon 
and should soon start taking data. Next 
year, the XENON team will turn on its new 
1-tonne detector in Italy’s subterranean Gran 
Sasso National Laboratory. Bigger devices 
are in the works. 

That race is entering an intriguing phase, 
says Neal Weiner, a theorist at New York 
University in New York City. WIMPs ought 
to interact with ordinary matter primar- 
ily in one of two ways: either by exchang- 
ing a quantum particle called a Z boson or 
by exchanging a Higgs boson. Experiments 
have ruled out the stronger Z boson process, 
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—as one did 15 years 

ago, when he and others 
first detected dark energy. “Pushing to see 
new regimes of the universe has been one of 
the most productive games we’ve played,” 
he says, “and not because you get the results 
youre after, but because you find things you 
didn’t expect.” 

Daniel Eisenstein, a cosmologist at 
Harvard University who is studying the 
large-scale structure of the universe, agrees. 
“T guess the question is, will we be asking 
the same questions 20 years from now?” 
he says. “And I think there is every possi- 
bility that we’ll be on to some significantly 
different threads.” 

-ADRIAN CHO 
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Sizing Up a Slumbering Giant 


A thousand years ago, Mount Paektu unleashed one of the biggest eruptions in recent 
history. An unusual collaboration aims to learn why the volcano is so potent 


People in the hamlet of Sin Mu Song in north- 
western North Korea had never laid eyes on 
a Westerner before James Hammond set 
to work in a nearby potato field last month. 
With North Korean colleagues, the seismolo- 
gist from Imperial College London installed 
a broadband seismometer in an underground 
concrete shelter. Afterward, he sampled the 
local tobacco, rolled in a piece of Korean 
newspaper. “It was really smooth,” he says, 
like “a pretty nice cigar.” 

Hammond had reason to celebrate. He 
and two U.K.-based colleagues had just com- 
pleted the first season of a trailblazing proj- 
ect to assess the eruption history, underlying 
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Wasteland. Geologist Kim Ju Song (foreground) and a colleague examine 
Millennium Eruption deposits on Paektu’s eastern flank. 
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structure, and potential for future unrest at 
Mount Paektu, a volcano straddling the bor- 
der between the Democratic People’s Repub- 
lic of Korea (DPRK) and China. “We felt very 
privileged,’ says Clive Oppenheimer, a volca- 
nologist at the University of Cambridge in the 
United Kingdom. 

Paektu is quiet now, but it has a fear- 
some past. In the middle of the 10th century 
C.E., the volcano, called Changbai in China, 
uncorked the Millennium Eruption, one of 
the largest of the past 10,000 years. A decade 
ago, swarms of small tremors at the volcano 
set Chinese and Korean authorities on edge, 
prompting both nations to step up monitoring. 
The geological spasms 
subsided, but concerns 
that Paektu may be poised 
to blow again have opened 
the door to one of the 
first substantive scientific 
collaborations between 
DPRK and the West. 

Getting the remark- 
able enterprise off the 
ground wasn’t easy. It 
took 2 years to win per- 
missions from the U.K. 
and U.S. governments to 
ship crucial instruments 
to North Korea and the 
last-minute intervention 
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of the United Kingdom’s Royal Society to 
sign agreements with DPRK organizations 
that allowed fieldwork to proceed. But as 
Martyn Poliakoff, foreign secretary of the 
Royal Society, puts it, “We felt it was some- 
thing that is well worth doing.” 


A scarred land 

The week of fieldwork “really was spectacu- 
lar,’ says Hammond, who installed six broad- 
band seismometers on a line running east 
from the volcano. The instruments will listen 
for any stirring beneath Paektu. They will also 
register seismic waves from across the globe 
as they ripple through Paektu’s plumbing, 
allowing Hammond and company to image 
its magma chamber and surrounding rock. 

While Hammond set to work, Oppen- 
heimer and his graduate student, Kayla 
Iacovino, a U.S. citizen, collected samples, 
mostly pumice, that should reveal new 
details about the sequence of events during 
the Millennium Eruption and recent, 
smaller eruptions. 

The scars from the ancient explosion are 
still visible. The blast heaped ash and pum- 
ice on 33,000 square kilometers of northeast 
China and Korea, charring and entombing 
a thick forest and creating a barren land- 
scape that to this day is largely treeless. Gar- 
gantuan pyroclastic flows—avalanches of 
superheated gas and debris—seared whole 
valleys and lined their walls with other- 
worldly ignimbrite rock tubes. In recent 
history, only the 1815 Tambora eruption in 
Indonesia—responsible for the “year with- 
out a summer’’—has rivaled it. 

Paektu’s ferocity is an enigma. It lies 
hundreds of kilometers west of the Ring of 
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On the prowl. Researchers on last month's expe- 
dition searched for rocks that could shed light on 
past eruptions. 


Fire, where colliding tectonic plates along 
the edge of the Pacific Basin fuel many of 
the world’s most powerful volcanoes. One 
possible explanation for its potency is water 
squeezed from minerals in the subducting 
Pacific Plate, 600 kilometers below the vol- 
cano. Adding water to hot mantle rock can 
cause it to melt, creating a magma supply. 

But the chemistry of Paektu’s pumice and 
other data cast doubt on that explanation, 
says James Gill, a volcanologist at the Uni- 
versity of California, Santa Cruz, who has 
conducted fieldwork on the Chinese side of 
the volcano since 1990. 

Gill sees signs that the volcano is instead 
stoked by a mantle plume—a deep-rooted 
conduit that carries magma from the lower 
mantle to the surface. Backing that idea are 
unpublished data from a seismic array in 
China showing a “hole” in the subduction 
slab under Paektu. But other mantle pro- 
cesses may also be at play, and research on 
the volcano’s Chinese flanks has failed to set- 
tle the question. 

That’s why Oppenheimer and Hammond 
seized an opportunity that arose 2 years ago 
(Science, 4 November 2011, p. 584). The 
Pyongyang International Information Center 
on New Technology and Economy, or PIIN- 
TEC, a nongovernment organization, had 
reached out to Oppenheimer, a specialist on 
volcanic gases and author of a popular text- 
book, proposing a collaborative project. He 
roped in Hammond, a comrade in arms froma 
volcanological project in the blazing hot out- 
back of Eritrea. 

North Korea offered different challenges. 
The first was funding. Hammond got the big- 
ticket items for free: The U.K. Natural Envi- 
ronment Research Council’s Geophysical 
Equipment Facility loaned the seismometers. 
The Korean Earth- 


quake Bureau (KEB) 0 | 
in Pyongyang, which if n | n C 
is operating the array, sciencemag.org 


Podcast interview 
® with author 
Richard Stone (http:// 
scim.ag/pod_6150). 


agreed to periodi- 
cally download data 
onto hard disks and 
send them to the 
Environmental Education Media Project, 
a nonprofit organization in Beijing that serves 
as a liaison between North Korea and the 
West. It will forward the data to Hammond. 
To house the seismometers, KEB staff 
members in recent months erected concrete 
huts at three of their field stations, including 
one beside the picturesque caldera lake, Lake 
Chon. Farther out from Paektu, KEB built 
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bunkers for instruments in three villages, 
including one in the potato field at Sin Mu 
Song, where residents have promised to keep 
an eye on the equipment to deter vandals. 

Funding for station construction, mainte- 
nance, and logistics came from the Richard 
Lounsbery Foundation in Washington, D.C., 
via a grant to AAAS, Science’s publisher. 
Both organizations are assiduously reaching 
out to scientists in nations having difficult 
relations with the United States. The project 
is off to a great start, says Norman Neureiter, 
senior adviser to AAAS’s Center for Science 
Diplomacy. “Cooperation based on a real 
desire to get the job done has been excellent 
on both sides,” he says. 

U.N. and U.S. export controls and sanc- 
tions on North Korea posed a tougher 
challenge. They prohibit a long list of instru- 
ments and devices, including ones as simple 
as thumb drives and cameras, from being 
shipped or carried into the country, even for 
temporary, personal use. AAAS spent months 
working with the U.S. State Department and 
the Commerce Department to land an export 
license for the project. The U.K. government’s 
review of a separate license application 
took even longer, with approval coming 
just days before the seismometers had to be 
put on a plane for Pyongyang. “Everybody 
behaved sensibly and didn’t get into a panic,” 
Poliakoff says. 

Another challenge was fulfilling the 
North Koreans’ desire for legal documents 
spelling out the research plan and each par- 
ty’s responsibilities. It was too complicated 
for KEB and PIINTEC to sign such a docu- 
ment with a U.S. organization, but the Royal 
Society came to the rescue. 


Delving deeper 
Once in North Korea, Oppenheimer and 
Iacovino spent several days collecting sam- 
ples at favorite outcrops of senior KEB geol- 
ogist Kim Ju Song and his colleagues in the 
bureau and the DPRK Academy of Sciences. 
A highlight was excavating at the base of a 
10-meter-thick blanket of pumice from the 
Millennium Eruption. “It’s always interest- 
ing to see what was on the ground immedi- 
ately before a big eruption,” Oppenheimer 
says. Pollen, for instance, can reveal the sea- 
son that the ash fell. And deposits at the bot- 
tom of the heap show how the eruption began 
to unfold—information that could help 
researchers assess the hazards of a modern- 
day Millennium-scale eruption. 
Oppenheimer and Iacovino also plan to 
study volatiles trapped within crystals in the 
pumice, which can hold clues to the types 
and amounts of gases released. Such details 
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could explain why the Millennium Eruption, 
unlike other eruptions on that scale, did not 
cool Earth’s climate—a curious fact that vol- 
canologist Xu Jiandong of the China Earth- 
quake Administration in Beijing and his 
colleagues reported in January in Geophysi- 
cal Research Letters. 

The black pumice at the top of the pile 
presents its own mystery: Was it deposited 
by pyroclastic flows during the Millennium 
Eruption, or by one of a handful of later blasts 
known from historical records? Characteriz- 
ing these eruptions, including the most recent 
in 1903, can reveal how Paektu’s plumbing 
has changed since the Millennium Eruption. 
Oppenheimer and Iacovino also took a motor- 


Mount 
Paektu 


boat out on Lake Chon to observe volcanic 
gases bubbling to the surface. They intend to 
return next summer to collect and analyze the 
gases, which could hold clues to the viscosity 
of the magma. More viscous magma would 
take higher pressure to eject, raising the odds 
of a more powerful eruption. 

In future expeditions, the team hopes to 
image the volcano’s magma chambers with 
magnetotelluric sensors, which map sub- 
surface variations in conductivity. They also 
hope to host Korean colleagues in the United 
Kingdom, for training in volcano monitor- 
ing and to collaborate on analyses of rock 
samples and data interpretation. Publica- 
tions arising from the fieldwork will surely 
have DPRK co-authors, Oppenheimer says. 
Hammond envisions a more extensive seis- 
mometer array. But a full picture of the 
mountain’s insides will also require data 
from stations across the border in China, Gill 
says—which means more science diplomacy. 

Still, by simply beating the odds and nur- 
turing mutual respect, last month’s expedition 
has revealed possibilities for scientific cooper- 
ation hitherto unimaginable—reason enough 
for the scientists and their backers to break out 
the cigars. -RICHARD STONE 


6 SEPTEMBER 2013 


1061 


1062 


OMMENTARY 


LETTERS | 


LETTERS 


edited by Jennifer Sills 


The Risky Road to Mars 


IN THEIR REPORT “MEASUREMENTS OF 
energetic particle radiation in transit to 
Mars on the Mars Science Laboratory” (31 
May, p. 1080), C. Zeitlin et al. try to assess 
the radiation risks to astronauts from expo- 
sure to galactic cosmic rays and solar flares 
during a manned expedition to Mars. They 
conclude that astronauts will receive about 
two-thirds of the lifetime exposure limit 
for humans during the round trip. I believe 
the dose could be even higher. 

Zeitlin et al. did not consider the sec- 
ondary effects of radiation-induced 
nuclear reactions in the human body. 
Nuclear reactions of protons and alpha 
particles with carbon, nitrogen, and oxy- 
gen nuclei lead to formation of lith- 
ium, beryllium, and boron nuclei. These 
reactions are most likely to happen for 
incident protons and alphas with energies 
between 5 and 100 MeV, particularly those 
between 10 and 50 MeV (1). 


Response 

IT IS TRUE THAT LOW-ENERGY LITHIUM, BERYL- 
lium, and boron are produced in interactions 
between energetic protons and other ions 
with target carbon, nitrogen, and oxygen 
nuclei. As Viola describes, these nuclear frag- 
ments are low in energy and can have linear 
energy transfers of hundreds of keV/um in 
water. However, such particles typically have 
very short ranges, traveling just tens or hun- 
dreds of micrometers in water before com- 
ing to rest. Thus, they produce very large, but 
highly localized, energy depositions in tissue. 
The biological effects of these types of energy 
depositions are not well known. According to 
the widely used International Commission on 
Radiological Protection Publication 60 (/), 
the quality factor—the factor by which a dose 
of radiation must be multiplied to estimate 
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The lithium, beryllium, and boron nuclei produced in such reac- 
tions are low in energy and much more heavily ionizing (i.e., more 


y 4 


Astronaut on Mars (artist’s conception) 


the associated biological damage—for this 
type of energy deposition reaches a peak at 
100 keV/um, then falls with increasing linear 
energy transfer due to the “overkill” effect, in 
which more energy is deposited locally than 
is required to kill cells (2). Many or most of 
the lithium, beryllium, and boron fragments 
in this category have linear energy transfers 
in the overkill region. 

Our measurements during the Curiosity 
rover’s transit to Mars are reported as point 
values of dose and dose equivalent—that is, 
they are the values that would be received at 
skin depth and not deeper in the body were an 
astronaut to be placed in the same radiation 
field. Extrapolation to points inside the body 
requires use of a radiation transport model, 
and properly constructed models (3, 4) take 
account of all nuclear interaction products, 
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dangerous) than higher-energy protons 
or alphas. Thus, this type of radiation, 
below 100 MeV, is most likely to pro- 
duce significant damage in human tis- 
sue. This radiation comes not only from 
the primary flare and galactic cosmic 
ray fluxes studied by Zeitlin et al., but 
also from the secondary flux of protons 
and alphas originating in the space cap- 
sule shielding, as well as from nuclear 
reactions. In the event of a significant 
solar flare event while an astronaut is 
outside the space capsule, the radia- 
tion effects would be further magnified, 
because the reaction probabilities are 
highest at energies corresponding to the 
solar flare spectrum. 

V. E. VIOLA 
Golden, CO 80401, USA. E-mail: viola@indiana.edu 
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including the low-energy light ions men- 
tioned by Viola. Thus, transport model calcu- 
lations based on our measurements can accu- 
rately include this contribution to the physi- 
cal dose. How these and other contributions 
with high linear energy transfers should be 
weighted in terms of their biological effects 
is an open question, one that is the subject of 
much current research. 

CARY ZEITLIN 
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E-mail: zeitlin@boulder.swri.edu 


References 

1. ICRP, “1990 Recommendations of the International Com- 
mission on Radiological Protection” [ICRP Publication 
60, Ann. ICRP 21 (1-3), 1991]; www.icrp.org/publication. 
asp?id=ICRP%20Publication%2060. 

2. J. Kiefer, Int. J. Radiat. Biol. 48, 873 (1985). 

3. T.C. Slaba et al., J. Comput. Phys. 229, 9397 (2010). 

4. S. Agostinelli et al, Nucl. Instr. Meth. A 506, 250 (2003). 


SCIENCE www.sciencemag.org 


CREDIT: DIETER SPEARS/INHAUS CREATIVE/ISTOCKPHOTOS 


Controversial Salt Report 


Peppered with Uncertainty 


A RECENT INSTITUTE OF MEDICINE (IOM) 
assessment (/) provoked controversy by con- 
cluding that there is a lack of evidence for 
health benefits of reducing sodium intake to 
the very low levels recommended by some 
authoritative groups (“Report reignites bat- 
tle over low-salt diets,’ K. Kupferschmidt, 
News & Analysis, 24 May, p. 908). The IOM 
report was remarkable not only for its cau- 
tious analysis of the evidence—the authors 
said they could not define a “healthy” sodium 
intake range—but for its acknowledgment 
that salt’s contribution to disease had been 
controversial for four decades. By contrast, 
in 2010, when the IOM issued “Strategies to 
reduce sodium intake in the United States,” 
the committee chair stated, “For 40 years we 
have known about the relationship between 
sodium and the development of... life threat- 
ening diseases” (2). The new report shattered 
that sense of certitude. Unfortunately, instead 
of embracing the IOM analysis as an oppor- 
tunity to pause to consider new evidence 
and retarget recommendations, authorities 
involved in the salt issue have largely dis- 
missed, ignored, or explained away the report. 

The American Heart Association (AHA) 
used the most aggressive message man- 
agement strategy: It forcefully questioned 
the IOM committee’s interpretation of the 
science (3). Advocacy groups and scientists 
associated with the campaign to reduce salt 
consumption adopted another tactic: They 
asserted that the IOM’s nuanced analysis had 
been misrepresented in media reports that had 
emphasized disagreement over an issue of 
marginal importance—the evidentiary basis 
for recommending that at-risk groups totaling 
half the U.S. population reduce their sodium 
intake to 1500 mg per day, a level achieved 
by few consumers. They then claimed that 
such media reports distracted from the cen- 
tral message upon which everyone agreed: 
that excessive salt intake was perilous for 
health (4). 

Those affiliated with the report itself also 
sought to temper the impression that the IOM 
had muddied the scientific waters on salt. In 
an unusual 3 June letter to U.S. Secretary 
of Health and Human Services Kathleen 
Sebelius, Harvey Fineberg, President of the 
IOM, lamented that some press outlets had 
“misstated” the report’s conclusions and 
emphasized that the Centers for Disease 
Control and Prevention (CDC), IOM, AHA, 
and other authorities were “congruent” in 
supporting a population-wide reduction in 
sodium intake (5). Three days later, a com- 
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mentary by three members of the IOM salt 
committee likewise stressed that the Dietary 
Guidelines for Americans (DGA), IOM, 
AHA, and the World Health Organization 
(WHO) were “congruent” in the belief that 
excess sodium intake should be reduced (6). 

Other key players essentially ignored 
the IOM study. The New York City Health 
Department, which leads a coalition of 
health organizations in a partnership with 
industry to reduce sodium in restaurant 
and packaged foods, and the CDC—the 
agency that commissioned the report— 
both took this approach. Global health lead- 
ers also disregarded the IOM analysis: Two 
weeks after the report’s release, represen- 
tatives from some 200 nations at the 66th 
World Health Assembly adopted a resolu- 
tion to combat noncommunicable diseases 
that included a plan to cut salt intake 30% 
by 2025 in an effort to achieve the WHO’s 
sodium target of less than 2000 mg daily— 
a level at which the IOM said there was no 
evidence of health benefit (7). 

At this moment, the mixed scientific pic- 
ture of salt that now bears the imprimatur of 
the prestigious IOM may well be addressed 
by a period of self-imposed silence. But in the 
next year, when new U.S. Dietary Guidelines 
must be drafted, it is certain that opponents 
of strict salt regulation will use the IOM’s 
findings to support their demands that policy 
recommendations be grounded in evidence 
of the highest caliber—a standard that those 
concerned with the hazards of salt assert 
would be almost impossible to meet. 

This latest chapter in the salt saga under- 
scores a fundamental challenge faced by 
policy-makers responsible for confronting 
morbidity and mortality at the population 
level: What should be done when the evi- 
dence appears to be uncertain or more com- 
plex than desirable from the perspective of 
public health messaging (8)? However chal- 
lenging, we propose that a reflective policy 
approach, flexible enough to accommodate 
changing evidence, would serve the public 
well and reinforce the public trust in evi- 
dence-informed public health policy. 

DAVID MERRITT JOHNS,?* RONALD BAYER, 
SANDRO GALEA? 

‘Department of Sociomedical Sciences, Mailman School of 
Public Health, Columbia University, New York, NY 10032, 


USA. @Department of Epidemiology, Mailman School of Pub- 
lic Health, Columbia University, New York, NY 10032, USA. 


*Corresponding author. E-mail: dmj2119@columbia.edu 


References 

1. IOM, “Sodium intake in populations: Assessment of 
Evidence” (National Academies Press, Washington, DC, 
2013). 

2. 10M, “FDA should set standards for salt added to pro- 
cessed foods, prepared meals” 


VOL 341 6SEPTEMBER 2013 


Published by AAAS 


How 
do you 


engage? 
AAAS Early 
Career Award 
for Public 


Engagement 
with Science 


Nominations are now open. 
For eligibility information 
and instructions, visit 
aaas.org/go/PESaward. 


Deadline October 15 


MN AAAS 


ADVANCING SCIENCE, SERVING SOCIETY 


Published by AAAS 


LETTERS 


(http://www8.nationalacademies.org/onpinews/newsitem. 
aspx?RecordID=12818). 

3. American Heart Association, “New IOM report an incom- 
plete review of sodium’s impact, says American Heart 
Association” (http://newsroom.heart.org/news/new-iom- 
report-an-incomplete-review-of-sodiums-impact-says- 
american-heart-association). 

4. Center for Science in the Public Interest, Letter to Mdmes. 
Kolata, Strauch, and Sullivan and Messrs. Boffey and 
Rosenthal (http://cspinet.org/new/pdf/scientists_letter_to_ 
nyt_about_iom_sodium_study_-_5-24-13.pdf). 

5. H. Fineberg, Letter to the Honorable Kathleen Sebelius 
(http://cspinet.org/new/pdf/iom_fineberg_letter_to_ 
sibelius06032013.pdf). 

6. B.L. Strom, C. M. Anderson, J. H. Ix, JAMA 310, 31 (2013). 

7. 66th World Health Assembly, “Follow-up to the politi- 
cal declaration of the high-level meeting of the General 
Assembly on the prevention and control of non-communi- 
cable diseases” (http://ncdalliance.org/sites/default/files/ 
rfiles/Final%200R%20with%20GAP_A66_R10-en.pdf). 

8. R. Bayer, D. M. Johns, S. Galea, Health Affairs 31, 2738 
(2012). 


CORRECTIONS AND CLARIFICATIONS 


News Focus: “Discovery of a new titi monkey” by A. 
Regalado (2 August, p. 451). The name of the conserva- 
tion group created by Javier Garcia was incorrectly given 
as Herencia Nacional; the correct name is Herencia Natural 
(Natural Heritage). The HTML and PDF versions online have 
been corrected. 


Perspectives: “Y weigh in again on modern humans” by 
R. L. Cann (2 August, p. 465). In the figure, Denisovians 
should have been spelled Denisovans. The HTML and PDF 
versions online have been corrected. 


Editors’ Choice: “Unintended consequences” (26 July, p. 
319). The units for the cited concentrations of particulates 
should have been t1g/m?, not mg/m?. The HTML and PDF 
versions online have been corrected. 


News & Analysis: “Fragile wetland will test Turkey’s 
resolve in protecting biodiversity” by J. Bohannon (26 July, 
p. 332). In the final paragraph, State Hydraulic Works, 
not the Ministry of Development, should be named as the 
granter of dam contracts. The HTML and PDF versions online 
have been corrected. 


News Focus: “Indispensable outsider” by A. Finkbeiner 
(26 July, p. 334). In the timeline, “Brokers fast Fourier 
transform algorithm development” was placed in the year 
1973. Garwin brokered the fast Fourier transform in 1963. 
The HTML version online has been corrected. 


Reports: “Nuclear PTEN controls DNA repair and sensitiv- 
ity to genotoxic stress” by C. Bassi et al. (26 July, p. 395). 
Ref. 15 should have been the following: C. Lee et al., Cancer 
Res. 64, 6906 (2004). The HTML and PDF versions online 
have been corrected. 


Letters to the Editor 


Letters (~300 words) discuss material published in 
Science in the past 3 months or matters of gen- 
eral interest. Letters are not acknowledged upon 


receipt. Whether published in full or in part, Let- 
ters are subject to editing for clarity and space. 
Letters submitted, published, or posted elsewhere, 
in print or online, will be disqualified. To submit a 
Letter, go to www.submit2science.org. 
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Mysterious Travelers Revisited 


Franz Bairlein 


ach northern fall, billions of birds, 
Ke tiny hummingbirds to large 

swans, leave their breeding and natal 
sites, moving to mostly southern and often 
very distant places for wintering. Some tra- 
verse continents [e.g., peregrines (Falco per- 
egrinus) travel from Greenland to northern 
Argentina]. Others cross oceans [e.g., 25-g 
northern wheatears (Oenanthe oenanthe) fly 
from Arctic Canada over the northern Atlan- 
tic to northwestern Europe and then turn 
south for another 3000 km to western Africa]. 
All confront numerous challenges. Thus it is 
unsurprising that avian migration has long 
fascinated people, including authors. So 
what can another book add beyond the many 
already available [e.g., (J—3)]? 

Aware of that question, avian ecolo- 
gist John Rappole (Smithsonian Conserva- 
tion Biology Institute) offers his ““‘reflective 
inquiry’ ... on what a migrant is and how it 
came to be.” Focusing on New World passer- 
ines (“songbirds”), he takes readers through 
the annual cycle of an avian migrant. His 
account highlights field observations, many 
of which he gathered over four decades 
of experience and pioneering research 
on the nonbreeding ecology of Neotropi- 
cal migrants. Rather than compiling “vari- 
ous aspects of bird migration,” Rappole 
presents “a synthesis and consideration of 
the larger picture” intended to deepen our 
understanding. His personal, 
selective survey of the ecology 
and evolution of bird migra- 
tion emphasizes comparisons 
between migrants’ and resi- 
dents’ evolutionary, ecologi- 
cal, and behavioral traits. 

Therefore, despite the sub- 
title and the more than 1300 
literature references, the book 
is neither a review of state-of-the-art knowl- 
edge nor a textbook on bird migration. But 
it is not important that Rappole’s treatments 
of various aspects of migratory birds (such as 
orientation and navigation, physiology, stop- 
over ecology, tracking methodology, climate 
change, and conservation) are rather cursory 
and fail to reflect the latest available research. 


The reviewer is at the Institute of Avian Research, An der 
Vogelwarte 21, 26386 Wilhelmshaven, Germany. E-mail: 
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The Avian Migrant 
The Biology of 
Bird Migration 


by John H. Rappole 
Columbia University Press, 
New York, 2013. 457 pp. $80, 
£55. ISBN 9780231146784. 


The author’s way of thinking, critically 
addressing existing hypotheses and theories, 
and formulating alternative hypotheses (often 
rather conflicting and provocative) makes the 
book readable, inspiring, and stimulating if 
challenging as well. 

Innate, genetic dispositions have been 
demonstrated for various migratory traits. 
These include the onset of first-fall migra- 
tion, amount of migratory 
activity (Zugunruhe, or migra- 
tory restlessness), and direc- 
tional preferences in naive 
hatch-year birds. Since their 
discovery, the migration route 
hypothesis—that young birds 
on their initial migration with- 
out parental or social guidance 
simply fly in an innate direc- 
tion for an innate, particular 
amount of time, thus leading 
them to the wintering range— 
has become widely accepted. 

But Rappole prefers a 
“destination” hypothesis, that 
juvenile migrants possess 
“a genetic program enabling 
them to home to the ancestral area from 
which the parent population was derived 
(often the wintering area).” It seems clear that 
many current migrants, especially passer- 
ines, derived from resident ancestral popula- 
tions in the tropics. Neverthe- 
less, evidence of the existence 
of such a homing program is 
weak, and we don’t know any- 
thing about how young birds 
recognize or locate their win- 
ter home. When A. C. Perdeck 
(4) displaced first-fall migrant 
European starlings (Sturnis 
vulgaris) 600 km perpendicu- 
lar to their normal, population-specific route, 
the birds continued in the direction of their 
normal course. In contrast, simultaneously 
displaced adult birds compensated for their 
displacement and navigated back to their 
population-specific wintering area. If the 
young would have known home, they should 
have compensated as well. This example 
does not, however, entirely negate Rappole’s 
hypothesis. We may need to consider the 
temporal scale of the evolution of migration. 
The destination hypothesis may fit the early 
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evolution of migration and tropical migrants, 
whereas many current migration systems are 
largely of much younger evolutionary age. 
For example, human-induced changes in 
distribution of migrants (as illustrated by 
the consequences of land clearance from the 
European colonization of North America) 
can radically change migration patterns in 
a rather short time. Such relatively rapid 
changes are not simply behavioral responses 
(flexibility) but build on a strong micro- 
evolutionary component (5). 

The disproportional decline of many 
northern migrants (especially long-distance 
tropical migrants) as compared to short- 
distance migrants or residents is of global 


Northern wheatear. 


concern. The different trends indicate that 
population sizes are shaped not simply by 
aspects of breeding areas or by the migratory 
behavior but also by factors particular to long- 
distance migration. The energetic demands 
of flying make long-distance migrants espe- 
cially dependent on proper fueling prior to 
and during migration. Stopover sites that 
provide sufficient food are required for suc- 
cessful migration as well as successful subse- 
quent breeding. Environmental conditions in 
wintering areas also affect subsequent breed- 
ing success, thus the importance of halting 
habitat destruction and even recreating habi- 
tats on the nonbreeding grounds of migrants. 
The conservation of migration systems also 
requires a better understanding of carry-over 
effects from nonbreeding into breeding and 
related population change. Therefore, I like 
that the book devotes so much attention to 
population ecology and population regula- 
tion. It includes two appendices by Alan Pine 
that introduce the mathematics of popula- 
tion dynamics of periodic breeders. Although 
unexpected in a book on migration, such an 
extended excursus into population dynamics 
is worthwhile. 
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Hopefully, The Avian Migrant will stimu- 
late future research in linking migration and 
breeding. There is much to be gained by look- 
ing at migration as part of the entire annual 
life cycle rather than a separate, though fasci- 
nating, behavior. 
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A Too-Soft Critique 
of India's Growth 


Andrew Robinson 


Mayo published Mother India (1), a noto- 

rious polemic against India and Indians 
that gave satisfaction to British colonialists 
and American racists while naturally infuriat- 
ing most Indians. Mahatma Gandhi famously 
commented that the book was “cleverly and 
powerfully written” but seemed like “the 
report of a drain inspector” 
who concludes with some tri- 
umph: “the drains are India.” 

Although Mother India 
is largely forgotten (except 
by older Indians), its ghost 
seems to inhibit An Uncer- 
tain Glory, an indictment of 
the Indian state by econo- 
mists Jean Dréze (Allahabad 
University) and Nobel lau- 
reate Amartya Sen (Harvard 
University). After three decades of trawling 
the data compiled by central and state gov- 
ernments, Indian nongovernmental organi- 
zations, and international bodies, these long- 
time collaborators (2) know—possibly better 
than any other commentators—how Indian 
governments since the 1980s have failed the 
vast majority of Indians, especially in health 
care, education, poverty reduction, and the 
justice system. They bluntly acknowledge 
in the preface, “The history of world devel- 
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An Uncertain Glory 
India and Its Contradictions 


by Jean Dréze and 


Princeton University Press, 
Princeton, NJ, 2013. 448 pp. 
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opment offers few other examples, if any, 
of an economy growing so fast for so long 
with such limited results in terms of reducing 
human deprivations.” As they are at pains to 
demonstrate, the benefits of economic growth 
have been more widely shared even in India’s 
neighbor Bangladesh, let alone in rapidly 
growing China. 

Here are a few of their many shocking 
facts: According to the 2011 Indian census, 
fully 50 percent of households lack toilets. 
Among the 132 countries for which compa- 
rable data are available, air pollution in India 
ranks highest. Due to teacher indifference 
and absenteeism among teachers and stu- 
dents, the teaching time in north Indian rural 
government schools is about 50 days per year. 
Although the celebrated Nalanda University 
was established six centuries before Europe’s 
oldest universities, no Indian university is 
among the world’s top 200. In 2009-10, 30% 
of the Indian population (350 million peo- 
ple) were living below the 
official (very low) poverty 
line. Meanwhile, 30% of the 
members of Parliament in 
2009 had criminal charges, 
including murder, pending 
against them. 

The authors, Indian citi- 
zens, belong to the relatively 
small group that has ben- 
efited from India’s impres- 
sive economic growth of the 
past two decades. Seemingly in order not to 
challenge this wealthy group’s interests or 
offend its sensitivities, the book as a whole 
shies away from trenchant criticism. Instead, 
it pulls most of its punches and too often takes 
refuge in academic equivocation and statisti- 
cal manipulation, thereby forfeiting much of 
its undoubted potential influence. 

For example, the chapter “Accountabil- 
ity and Corruption” avoids mentioning any 
corrupt politician, government official, busi- 
nessman, or institution by name—despite 
the legion of well-established cases (a hand- 
ful of which have ended in jail). Not even the 
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Coverage critique. Anusha Rizvi's 
black comedy Peepli Live satirizes 
media and political responses to 
farmer suicides. 


Bofors arms scandal of the late 
1980s that undermined and sank 
the Congress government led by 
Rajiv Gandhi—a scandal as reso- 
nant for India as Watergate is for 
the United States—rates a men- 
tion. Nor does the anticorruption 
campaigner Anna Hazare, who 
transfixed the Indian government 
and media through much of 201 1—12 with his 
Gandhi-style public fasts (whether effectively 
or not remains to be determined). And it is 
surely peculiar to discuss “Poverty and Social 
Support” without mentioning India’s well- 
publicized farmer suicides. Between 1995 
and 2012, over a quarter-million Indian farm- 
ers (according to conservative official figures) 
committed suicide in despair at their indebt- 
edness created by the drive toward corporate 
farming: “the largest wave of suicides in his- 
tory” (3), notes P. Sainath, an award-winning 
journalist admired by Sen. Also absent in an 
interesting chapter on caste and its continuing 
dominance, “The Grip of Inequality,” is the 
controversial Mayawati, former chief minis- 
ter of the key northern state of Uttar Pradesh, 
who in the 1990s transformed Indian elec- 
toral politics as a leader of the low-caste 
Dalits (former Untouchables). 

As for the contradictions of Indian sci- 
ence and technology, they too are neglected. 
In particular, many excellent Indian scientists 
openly acknowledge that they can success- 
fully conduct original research in Europe and 
the United States but not in their home coun- 
try, largely because of political interference 
and hierarchical attitudes. Of the four Nobel 
prizes awarded to Indian-born scientists, only 
one—that given to physicist C. V. Raman, 
in colonial times—was for research done 
in India. Sen himself felt obliged to leave 
1950s India and work in western universities 
in order to achieve success and recognition. 
This hoary Indian intellectual phenomenon, 
ignored in An Uncertain Glory, is among the 
most debilitating problems that bedevil the 
subcontinent’s social and cultural—rather 
than merely economic—development that 
Dréze and Sen earnestly desire. 
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Certify Sustainable Aquaculture? 


S. R. Bush,'* B. Belton,’ D. Hall, P. Vandergeest,’ F. J. Murray,’ S. Ponte,’ P. Oosterveer,' 
M. S. Islam,’ A. P. J. Mol,' M. Hatanaka,? F. Kruijssen,’ T. T. T. Ha,’ D. C. Little,5 R. Kusumawati' 


quaculture, the farming of aquatic 
Aces provides close to 50% 

of the world’s supply of seafood, 
with a value of U.S. $125 billion. It makes 
up 13% of the world’s animal-source protein 
(excluding eggs and dairy) and employs an 
estimated 24 million people (/). With cap- 
ture (i.e., wild) fisheries production stagnat- 
ing, aquaculture may help close the forecast 
global deficit in fish protein by 2020 (2). 
This so-called “blue revolution” requires 
addressing a range of environmental and 
social problems, including water pollution, 
degradation of ecosystems, and violation of 
labor standards. 

One response to these problems has been 
the rise of sustainability certification. Reflect- 
ing on the launch of the Aquaculture Steward- 
ship Council (ASC) to oversee sustainability 
standards, we argue that, although certifi- 
cation makes a contribution, it also has sig- 
nificant limits and should be considered one 
approach among many for steering aquacul- 
ture toward sustainable production. 

Sustainability certification is a market- 
based system involving (i) setting standards 
for ecological and social interactions, (11) 
auditing compliance with these standards, 
(iii) attaching labels to products and enter- 
prises that meet the standards, and (iv) cre- 
ating institutions to perform these functions 
(3). Although these can be carried out by 
public bodies, certification systems largely 
run by private organizations, such as firms 
and/or nongovernmental organizations 
(NGOs), are gaining prominence. 

Certification has emerged in sectors 
where governance has shifted away from 
state regulation. Activists frustrated with 
slow and inadequate government responses 
to environmental threats and private sector 
actors seeking to avoid increased produc- 
tion costs and damage to their reputations 
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Global potential of certified aquaculture pro- 
duction. The left bar reflects standards adopted by 
the ASC. The right bar reflects standards adopted by 
GLOBALG.A.P. and ACC (see SM for details). 


have contributed to the rise of certification 
(4, 5). The goals of certification include 
increasing consumer trust, providing legiti- 
macy to producers, and reducing liability by 
ensuring compliance with safety and qual- 
ity standards (4). These goals also motivate 
seafood sustainability certification, includ- 
ing both aquaculture and capture fisher- 
ies, which has expanded in recent years to 
include more than 30 standards and infor- 
mation schemes (6). 


Markets for Sustainability Certification 

The greatest demand for certified aquacul- 
ture products comes from North America 
and Europe, where large supermarket and 
restaurant chains have committed to selling 
only certified sustainable seafood by 2015 
(7). Global and regional buyers are turn- 
ing to certified seafood in response to NGO 
campaigns that threaten their brands by 
associating them with “bad” environmental 
and labor practices. 

Only a small proportion of world aqua- 
culture production (4.6%) is currently cer- 
tified (see the chart). The approach to date, 
now exemplified by the ASC, has been to 
develop “species-specific” standards for 
each of the 13 species groups with the high- 
est demand in global export markets. These 
account for 41.6% of worldwide aquacul- 
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Certification’s limited contribution to 
sustainable aquaculture should complement 
public and private governance. 


ture production by weight, which leaves 
58.4% not covered and, therefore, “non- 
certifiable” (see the chart). Recent intro- 
duction of generic multispecies standards 
(that apply across more than one species 
group) by two ASC competitors, the Aqua- 
culture Certification Council (ACC) and the 
Good Agricultural Practices organization 
GLOBALG.A.P., has expanded the poten- 
tially certifiable volume of global produc- 
tion to 73.5% (see the chart). Despite cov- 
ering nearly twice as much production, the 
multispecies standards represent an increase 
of only 0.1% in likely demand over the spe- 
cies-specific standards, because much of 
what is potentially certifiable is produced 
and sold in countries (notably China) with 
little demand for sustainability certification 
(8) [see supplementary materials (SM)]. 

Certification schemes cover a range of 
criteria from organic to responsible to sus- 
tainable aquaculture, representing demand 
for different product qualities. Schemes 
compete for suppliers, which must comply 
with one or more standards to access spe- 
cific (northern) markets. They compete for 
buyers by attempting to convince retailers 
and branded agro-food processors to dis- 
tribute aquaculture products carrying their 
label. They compete for approval from—and 
form alliances with—influential NGOs. 

Producers have to make strategic deci- 
sions about which standards to adopt and, 
thus, which processors to use and interna- 
tional markets to access. These choices also 
influence the support that local governments, 
NGOs, and donors offer (e.g., by underwrit- 
ing on-farm improvements or management 
of common resources, such as water). 


Narrow Take on Sustainability 

The unit of certification largely determines 
what is included in and excluded from def- 
initions of sustainability. Fisheries and for- 
estry certification schemes take zonal or 
sectoral approaches and involve resource 
managers (e.g., boards and government 
departments). Certification in aquaculture, 
as in organic agriculture, takes an enter- 
prise-level approach. Because private pro- 
duction units (farms or value chains) are 
certified, the cumulative impacts of multi- 
ple farms in a particular location (9) or the 
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impact of aquaculture on surrounding agri- 
culture or mangrove conservation is rarely 
effectively considered (10). Farm-level cer- 
tification systems, such as ASC, pay some 
attention to effects from inputs, such as seed 
and feed, but do not include those resulting 
from processing [e.g., (//)]. The impact 
of nonmarine feed inputs, such as soy and 
wheat, is not considered. None of the main 
aquaculture certification schemes consider 
environmental costs of distribution and 
transportation. 

These narrow definitions of sustainabil- 
ity reflect the structure of standard-setting 
institutions and the feasibility of measure- 
ment and regulation using technical param- 
eters. Even multistakeholder processes used 
to develop ASC standards, including pub- 
lic input through forums and online review, 
have been criticized for adopting a techni- 
cal focus that reflects interests and values 
of the most powerful actors to the exclusion 
of others (9). Many stakeholders, especially 
producers in the Global South, are unable to 
participate for reasons of language, access, 
cost, time, or resources; others disagree with 
the whole approach. Even when such stake- 
holders participate, they are often unable to 
meaningfully influence outcomes (9). 

This suggests that certification is substan- 
tially a strategy for buyers to avoid adverse 
publicity by outsourcing reputational risk, 
whereas costs are imposed on suppliers. The 
leverage of powerful actors, including envi- 
ronmental activists and northern buyers, in 
defining standards for aquaculture has left 
little room for local understandings of agro- 
ecology and social dimensions of equity and 
justice (72). 

Although the ASC has incorporated 
social standards, the codification of com- 
plex, context-dependent social issues, espe- 
cially those beyond the farm, remains prob- 
lematic. Working conditions and worker 
rights are a key issue with shrimp and salmon 
produced in the Global South. Certification 
may produce enclaves with improved work- 
ing conditions and may raise the profile of 
labor issues with state regulatory agencies. 
But certification alone cannot improve poor 
working conditions in the broader aquacul- 
ture sector. 


Inclusion and Exclusion 

Certification is complex and expensive and 
assumes a level of managerial capability that 
most aquaculture producers in the Global 
South do not have. Without external support 
(e.g., froma collective or co-op, donor-funded 
project, processor or buyer, government, 
or NGO), smallholders are often excluded 
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from markets that require certification. Com- 
pliance is easier for larger-scale, better- 
capitalized production units that can deal with 
record-keeping and administrative require- 
ments; certification tends to strengthen trends 
toward consolidation in export-oriented sec- 
tors (13). Not only producers are excluded, 
but also up- and downstream supply chain 
actors, e.g., collectors, small-scale traders, 
brokers, and input suppliers. 

Variants of certification systems (such as 
group certification) that cater to problems of 
smallholders can mitigate these exclusions. 
However, although niche schemes (e.g., 
organic and fair trade) confer premiums that 
can protect smaller enterprises, schemes 
that target mainstream northern markets, 
such as the ASC, do not. A failure to tailor 
certification to smallholder needs usually 
results in their exclusion from these markets 
(14). Smallholders already forced to com- 
ply with advanced national food safety and 
traceability systems [e.g., those in Thailand, 
see (/5)] are better positioned to meet strin- 
gent organic or sustainability certification 
requirements than those in countries where 
state enforcement is weaker. 

The addition of carp to new multispecies 
standards appears to mark an expansion of 
coverage but highlights a point of exclusion. 
Because of differing cuisines and the con- 
sumption of a relatively small range of spe- 
cies in northern markets (carp is predomi- 
nantly grown and consumed in the Global 
South), widespread certification of carp is 
unlikely. Even if carp is certified, consumer 
interest in emerging middle-class markets 
focuses on food safety, and sustainability or 
social qualities remain niche concerns (8). 
Nevertheless, emergence of domestic stan- 
dards demonstrates that concern over sus- 
tainability may increase; certifiers should 
explore complementarities given projected 
future dominance of these markets. 


Beyond Limits to Certification 

Comparative advantages and potential syn- 
ergies of certification should be explored 
vis-a-vis a mix of other private governance 
strategies (e.g., ethical supply chain man- 
agement) and state regulation. Although pri- 
vate sustainability certification was born in 
part out of fear of underregulation by states, 
it is now blamed for being inflexible, divi- 
sive, and restrictive (5). The assumption that 
countries in the Global South are incapable 
of regulating aquaculture no longer holds 
true everywhere. Countries that have dealt 
with mandatory international food-safety 
requirements demonstrate a capacity to bet- 
ter govern sustainability and represent some 
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of the most important domestic markets in 
the Global South for aquaculture products. 
Northern-led certification need no longer 
be imposed in lieu of state regulation or in 
isolation from local standards development 
but should be institutionalized as part of a 
broader array of approaches, including state 
and private regulation in the Global South. 
Successful certification schemes often build 
on what the state has already done, through 
food safety, traceability, or state-led vol- 
untary better-management practices (/2, 
16). The question remains as to whether 
improved public and private engagement in 
the South would result in less exclusionary 
outcomes for producers. But as limitations 
of international sustainability certification 
become apparent, there is a need to explore 
new hybrid forms of environmental gover- 
nance that draw on the strengths of states, the 
private sector, and institutions such as ASC. 
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Fighting Obesity with Bacteria 


Alan W. Walker and Julian Parkhill 


he human large intestine harbors a 
| complex community of microorgan- 
isms (microbiota) that affect many 
aspects of our physiology and health (J). 
Numerous lines of evidence, particularly 
from rodent models, have suggested that the 
intestinal microbiota may play a role in the 
development of obesity. On page 1079 of 
this issue, Ridaura et al. (2) demonstrate that 
the microbiota from lean or obese humans 
induces similar phenotypes in mice and, more 
remarkably, that the microbiota from lean 
donors can invade and reduce adiposity gain 
in the obese-recipient mice if the mice are fed 
an appropriate diet. 

Ridaura et al. recruited four human 
female twin pairs discordant for obesity and 
transferred the intestinal microbiota in fecal 
samples from each of them into the intestines 
of germ-free mice. Animals receiving a trans- 
plant from the obese (Ob) twin donors devel- 
oped increased adiposity compared to those 
receiving transplants from lean (Ln) twin 
donors. Differences in mouse adiposity could 
also be reproduced after inoculation of germ- 
free mice with collections of cultured bacte- 
ria grown from twin-pair fecal samples. Co- 
housing of mice harboring cultured bacteria 
from an obese twin (Ob™) with mice harbor- 
ing cultured bacteria from a lean twin (Ln*") 
prevented the development of increased adi- 
posity in the Ob mice. This occurred in tan- 
dem with successful colonization of Ob" 
intestines by bacteria from the Ln mice. By 
contrast, Ob" microbes did not transmit to 
Ln* mice, and these animals remained lean. 
This indicated that transmissibility of intesti- 
nal microbes and adiposity phenotype were 
tightly linked. 

Analysis of the bacterial communities 
showed that members of the Bacteroidetes 
phylum, particularly Bacteroides spp., could 
pass from the Ln‘ mice and colonize the Ob" 
mice, suggesting that these bacteria were 
largely responsible for protection against 
increased adiposity. However, cohousing of 
Ob* mice with lean mice inoculated with a 
relatively simple mix of just 39 defined bac- 
terial strains, including many of the Bacteroi- 
des species that were previously correlated 
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with reduced adiposity, did not reduce adi- 
posity in the Ob“ mice. This indicates that 
more complex bacterial interactions underlie 
protection against increased body mass and 
associated metabolic disturbance. 

Ridaura et al. also identified diet as an 
important factor in the transmission of micro- 
biota and associated host phenotype. Lean 
twin—derived bacterial strains effectively 
colonized and ameliorated excess adiposity 
in Ob" mice when the recipients were fed a 
low-fat, high-fiber diet. This was not the case 
when the mice were fed a diet that was high in 
saturated fat but low in fiber. 


Intestinal bacteria from lean humans can 
confer protection against fat gain in 
experimental mice. 


The findings support some emerging 
hypotheses regarding potential mechanisms 
by which the microbiota can affect host 
weight gain. One of the main activities of the 
intestinal microbiota is to break down and 
ferment dietary fibers into short-chain fatty 
acids (SCFAs) such as acetate, propionate, 
and butyrate. The host absorbs these acids, 
and humans obtain perhaps 5 to 10% of daily 
energy requirements from them (3). Ridaura 
et al. show that the microbiota in Ln mice 
produces greater amounts of SCFAs, partic- 
ularly propionate and butyrate, and digests 
more of the plant fiber present in the mouse’s 
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Please pass the microbiota. (A) Germ-free mice inoculated with microbiota from obese or lean human twins 
take on the microbiota characteristics of the donor. Those receiving the obese microbiota (red outline) had 
an increase in adiposity, whereas those receiving the lean microbiota (blue outline) remained lean. (B) If fed 
an appropriate diet, mice harboring the obese microbiota, when cohoused with mice harboring the lean 
microbiota, are invaded by the lean microbiota and do not develop increased adiposity (blue and red 
outline). By contrast, the obese microbiota does not effectively colonize mice harboring the lean microbiota, 


and these mice remain lean. 
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diet than the microbiota of Ob mice. Thus, 
increased weight gain in Ob mice does not 
result from increased energy harvest. Rather, 
the finding supports previous studies showing 
that although SCFAs are a source of energy, 
they promote leanness by inhibiting fat accu- 
mulation in adipose tissue, raising energy 
expenditure, and enhancing production of 
hormones associated with feelings of satiety 
(4-6). Other putative mechanisms include a 
role for the microbiota in metabolizing bile 
acids, branched-chain amino acids, and acyl- 
carnitines, which have all been linked to 
either insulin resistance or obesity in humans 
and mice. 

A key question is the translatability of the 
findings to a human clinical context. Bacte- 
roides species, correlated with reduced adi- 
posity by Ridaura et al., have repeatedly been 
implicated in protection against obesity in 
mice (7). However, evidence from human 
studies is mixed (8). Indeed, Bacteroides, 
and the propionate that they produce, can be 
more abundant in overweight and obese indi- 
viduals than in lean counterparts (9). Further- 
more, Bacteroides have been associated with 
diets high in animal protein and saturated fats 
(10) and are notably reduced in lean African 


individuals consuming diets high in fiber 
compared to Europeans consuming typical 
Western diets (//). Given these potential dis- 
crepancies, it will be important to verify in 
humans the activity of bacteria that are ben- 
eficial in mouse models. 

Perhaps the most intriguing finding of 
Ridaura et al. is that microbial protection 
from increased adiposity is only possible 
against the backdrop of a suitable host diet. 
It may be that future microbiota-based thera- 
pies for an obese individual will require an 
alteration in diet to aid colonization by ben- 
eficial microbes. This offers a potentially syn- 
ergistic approach, whereby reduced caloric 
intake and increased fiber consumption not 
only have a positive impact on energy bal- 
ance but might also promote transplanted 
microbial communities that are associated 
with leanness. 

Fecal transplants in humans have been 
used to beneficially alter the microbiota in 
a variety of ailments (/2). Notably, a recent 
study showed that fecal transplants from lean 
individuals into obese counterparts improved 
insulin sensitivity in some obese recipients 
(13). The procedure is not risk free, however, 
with the potential for introducing pathogens 


to the recipient. The mouse model presented 
by Ridaura ef al. is therefore timely, as it 
offers the potential to test human-derived 
bacterial strains, and accompanying dietary 
regimens, within a controlled mammalian 
host environment. The study is a step toward 
the ultimate goal of developing relatively 
simple mixtures of bacteria for testing as 
anti-obesity therapeutics. 
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Reducing Earthquake Risk 


Brian E. Tucker 


he preceding Perspectives in this 
series (/—4) provide snapshots of the 
earthquake and tsunami risks, haz- 
ard monitoring and risk mitigation activities, 
and current research 
questions concerning 
some of the world’s 
seismic hot spots— 
South Central Asia, 
the Caribbean, Tur- 
key, Tokyo, and San- 
tiago. The image that 
emerges is one of 
considerable progress in reducing losses due 
to earthquakes and tsunamis in some places 
but of growing and evolving risks in others. 
In the past two decades, the prevailing 
approach to reducing the consequences of 
earthquakes and tsunamis has emphasized 
raising awareness of these hazards, promot- 
ing methods of reducing their associated risk, 
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and incorporating the results of Earth science 
and earthquake engineering research into 
post-earthquake reconstruction. The United 
Nations (UN) International Strategies for 
Disaster Reduction 
serves as a platform 
to coordinate these 
efforts and, through 
its Hyogo Frame- 
work for Action, has 
declared the goal “to 
substantially reduce 
disaster losses by 
2015 by building the resilience of nations and 
communities to disasters” (5). 

Despite these diverse and sustained 
efforts, human and economic losses due to 
earthquakes are increasing and are projected 
to continue to rise in the future (6, 7). The 
past decade (2001 to 2012) saw more than 
three times as many earthquake-related 
deaths as the preceding two decades (1981 to 
2000) (&). These losses are increasingly con- 
centrated in developing countries because of 
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How can a higher level of earthquake prepared- 
ness be achieved, particularly in developing 
nations? 


differences in urban population growth (see 
the figure) and the quality of seismic-resis- 
tant construction (9—//). Why is progress so 
frustratingly slow? 


The Importance of Being Prepared 

One reason is that historically, far fewer 
resources have been invested in pre-earth- 
quake preparedness and risk reduction than 
in post-earthquake response, reconstruction, 
and recovery; this is particularly true in devel- 
oping countries. One study (/2) suggests that 
of all international aid for humanitarian assis- 
tance, less than 10% is directed to disaster pre- 
vention; a more recent study (/3) estimates 
that this figure is only 1%. Post-disaster activ- 
ities are important and reliably garner gener- 
ous support among individuals, governments, 
and nonprofit organizations, appealing to the 
human impulse to help those in need. Yet a 
comparison of the consequences of recent 
earthquakes in developing countries, where 
preparedness is rare, and industrialized coun- 
tries, where it is much more common, sug- 
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gests the large potential benefits 
of increasing investments in miti- 
gation and preparedness. 

After its magnitude (M) 
9.5 earthquake of 1960, Chile 
embarked on a robust earthquake 
safety program, which, as Stein 
and Toda describe (3), included 
developing and enforcing a mod- 
ern building code. During that 
same time period, Haiti, lulled by 
more than two centuries of seis- 
mic quiescence and hampered by 
poverty and political turbulence, 
largely disregarded its earthquake 
risk. In the first 2 months of 2010, 
large earthquakes struck both 
countries. How did the result- 
ing losses compare? Modeling 
by the U.S. Geological Survey 
(USGS) (/4) indicates that in the 
27 February 2010 Chile 8.8 
earthquake, 0.1% of Chileans 
who experienced severe shaking 
died, compared with 11% of Hai- 
tians who were subjected to the 
same strength of shaking in the 
12 January 2010 M7.0 Haiti 
earthquake. In other words, Haitian buildings 
appear to be 100 times as lethal as Chilean 
buildings. 

The disproportionate impact of the 2010 
earthquakes in Haiti and Chile is not the only 
evidence suggesting the effectiveness of 
earthquake risk mitigation. In 1988, a M6.9 
earthquake struck Armenia, killing at least 
25,000 people in building collapses, whereas 
in 1994, a M6.7 earthquake in Los Angeles, 
California—where earthquake risk reduction 
measures had been applied for decades— 
killed only 60. Using the USGS earthquake 
catalog (8), I compared the lethality of all 
moderate-sized (M6.0 to 7.9) earthquakes 
(excluding the outliers of the 1976 Tangshan 
and 1994 Kobe events) that occurred from 
1970 through 2012 and found that the aver- 
age number of deaths per earthquake in each 
of the 10 most earthquake-prone developing 
countries was about 90 times as high as the 
average number of deaths per earthquake in 
California, Japan, and Chile. Although the 
number of earthquakes in this data set is not 
sufficient to allow a statistically robust con- 
clusion, this ratio also suggests the positive 
effect of risk mitigation and preparedness. 

The lives lost in the 2011 Tohoku tsunami 
numbered [thanks in part to an early tsunami 
warning system similar to that described for 
the Caribbean by von Hillebrandt-Andrade 
(4)] fewer than 19,000; this toll represented 
only about 5% of the population that was 
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Increasing urban earthquake risk. The plot shows the total population since 1950 of 
“developing” and “developed” cities [selected from the world’s 50 most populous cit- 
ies (20)] that are located within 100 km of a fault capable of generating an earthquake 
with M =7. Over the past 60 years, the number of people exposed to strong earthquake 
shaking in cities in developing countries has grown by about a factor of 7 more than 
in developed countries. Accounting for changes in both population and the quality of 
seismic-resistant construction suggests that over this period, the relative earthquake 
risk of cities in developing countries, compared to that of cities in developed countries, 
has increased by 2 to 3 orders of magnitude. 


occupying land inundated by the tsunami 
(15). In contrast, if a tsunami were to strike 
Padang, West Sumatra, it is anticipated to 
kill several hundred thousand people of that 
city’s total population of 900,000 (76). Were 
it not for the failure of the Fukushima nuclear 
power plants, the Tohoku earthquake and tsu- 
nami might now be famous for showing the 
benefits of preparedness and mitigation. 


Learning from Public Health Campaigns 
Why have the science, engineering, and pub- 
lic policies that have substantially reduced 
earthquake losses in California, Japan, and 
Chile over the past century not been applied 
more widely? Why did it take, as described 
by Erdik (2), two M7 earthquakes occurring 
3 months apart just 80 km from Istanbul to 
motivate that technologically competent, 
economically sound, and highly seismically 
active country to initiate the much-needed 
risk reduction activities now under way? 
Why are existing building codes often unen- 
forced in developing countries, as discussed 
by Bilham and Gaur (/)? Increased cost, 
unawareness of risk and mitigation options, 
lack of trained craftsmen, poor construction 
materials, and corruption are mentioned 
as possible reasons. But another has been 
largely ignored: human psychology. 

For example, Gilbert (/7) has argued 
that threats that capture human attention are 
personalized, imminent, or rapidly increas- 
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ing; recently, Gawande (/8) 
described how these same 

fe characteristics can explain 
B the dramatically different 
speeds with which surgeons 
adopted anesthetics (fast) 
and antiseptics (slow). The 
threat of an earthquake seems 
remote to most people. To be 
successful, earthquake and 
tsunami risk reduction efforts 
must do more than “build 
back better,’ raise awareness, 
deploy early warning sys- 
tems, and promote enforce- 
ment of building codes. They 
must overcome the psycho- 
logical remoteness of rare 
earthquakes by providing 
tangible social and economic 
incentives. 

Public health advocates 
have achieved some success 
addressing similar challenges 
in campaigns such as those to 
use seat belts, prevent unsafe 
sex, and stop smoking. Pub- 
lishing statistics on the 
increasing occurrence of lung cancer and auto 
fatalities was not sufficient; nor were photos 
of black, leathery lungs on cigarette pack- 
ages or photos in driver education movies of 
gory accident scenes. Taxes, fines, and oppro- 
brium were used. And painstaking, sustained 
one-on-one work with community leaders and 
opinion-shapers was necessary. The earth- 
quake risk reduction community might find 
effective lessons, models, and tactics from 
studying those public health campaigns. 

Incentives to enforce modern building 
codes and increase earthquake preparedness 
could come in many forms. International cor- 
porations, UN agencies, multilateral devel- 
opment banks, and international corporations 
could insist on purchasing and renting only 
buildings designed and constructed accord- 
ing to modern building codes. Local govern- 
ments could reduce the property tax rate on 
such buildings. Tourist travel guides could 
identify those hotels located in areas of high 
earthquake or tsunami risk that have trained 
their staff in emergency response. 

Additionally, regional associations of gov- 
ernments, and even the UN, could develop 
guidelines on how member countries could 
reduce their risks and then publicize those 
that follow those guidelines. For example, 
in 2005, the Organisation for Economic Co- 
operation and Development (OECD) adopted 
guidelines for effective school earthquake 
safety programs, and its Council passed a 
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recommendation that its members establish 
such programs (/9); the OECD could now 
publish a list of which countries have done 
so. In addition, development banks could 
offer loan guarantees to construction com- 
panies that incorporate seismic-resistant fea- 
tures into new buildings. 


More of the Same Is Not Enough 

The approach followed over the past two 
decades to reduce earthquake risk will not 
allow the UN to meet its goal of substan- 
tially reducing losses by 2015 (5). Nor will 
it do so by 2020. Risk creation is outpac- 
ing risk reduction. Investments in earth- 
quake preparedness and mitigation must 
be materially increased. The task of reduc- 
ing earthquake risk must be viewed not as 
just an engineering and scientific challenge 
but also as a sociological and psychological 
one. It is time to reassess our methods, look 
for solutions outside the fields of earthquake 


engineering and Earth science, and refocus 
our efforts. 
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MATERIALS SCIENCE 


Unraveling Charge Transport 
in Conjugated Polymers 


R. A. Street 


olymer semiconductors have picked 

up the pace in the constant search for 

new and better electronic materials. 
High carrier mobility is an essential figure- 
of-merit for their applications as thin-film 
transistors (TFTs), solar cells, and light- 
emitting diodes. Polymers are disordered 
materials with partial crystallinity, and dis- 
order introduces localized electronic states at 
the band edges—the so-called band tail—that 
trap electrons and reduce mobility. Reaching 
a mobility of 1 cm? V's was the result of 
engineering polymers with increased crys- 
tallinity to reduce the effect of band tail 
states. Reported mobilities have recently 
surged to between about 5 and 10 cm? V"! 
s! (J), but the polymers are less ordered, 
according to some structural measurements. 
Two recent papers help resolve this puzzle. 
Zhang et al. (2) use a combination of struc- 
tural probes to show that the high-mobility 
polymers gain longer-range structural order, 
if not high crystallinity, by having a more 
rigid backbone. Noriega et al. (3) provide 
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a careful analysis of the role of disorder in 
charge transport for the specific case of poly- 
mers, and conclude that high crystallinity is 
not essential for high mobility. 


New semiconducting polymers reach record 
mobility despite apparently lower structural 
order. 


The relation between structure and elec- 
tronic conduction in polymers is complex. 
These highly anisotropic molecules have 
high conductivity along the backbone chain, 
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High-mobility polymers. (A) Examples of repeat units are shown for two of the new polymers with high 
carrier mobility (2, 2). (B) A reconstruction from an electron-microscopy image reveals the long-range ori- 
entation of a high-mobility polymer (4). Scale bar: 250 nm. 
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moderate conductivity between chains when 
the backbone rings are aligned face-to-face, 
and very little conductivity between the 
widely spaced lamellar planes. High crys- 
tallinity optimizes the face-to-face align- 
ment and so gives good conduction in a 
two-dimensional lamellar. However, the 
grain boundaries between crystallites limit 
conduction, and with a typical grain size 
on the order of 10 nm, there are plenty of 
disordered grain boundaries. The new poly- 
mers, designed to have a more rigid back- 
bone, may have lower local crystallinity, but 
the polymer chains are aligned over longer 
distances (see the figure). Chabinyc and col- 
leagues have mapped out the alignment and 
found that it extends for up to 1 um (4, 5). 
More conduction occurs along the favorable 
backbone direction, with less need for face- 
to-face conduction, and fewer large-angle 
grain boundaries to impede conduction. The 
long-range orientation of the rigid backbone 
polymers evidently more than compensates 
for the lower local crystallinity. 

The disorder effects are also not sim- 
ple. Noriega ef al. point out that amorphous 
regions of the polymer have a larger band gap 
than the more ordered regions and should 
be excluded from the conduction process 
because carriers cannot reach them. Hence, 
a small crystallite surrounded by an amor- 
phous grain boundary region creates a bar- 
rier impeding conduction to the next grain. 
Long-range orientation of the polymer allows 
the carriers to bypass the highly disordered 
regions without being affected and only 
move through the more ordered regions. The 
mechanism is analogous to the conduction of 
nanowire mats (6). Very-low-density mats of 
carbon or silver nanowires are highly conduc- 
tive because their length allows them to inter- 
sect many other wires, and the empty spaces 
between wires do not impede the conduction. 
Such rodlike percolation may be a suitable 
model for the polymers. What matters is not 
whether the polymer is uniformly conduct- 
ing, only that there are sufficient continuous 
conducting paths. 

A mobility of 5 to 10 cm? V7! s" has 
important technological consequences for 
flat-panel displays because it is the thresh- 
old needed by the TFTs that drives an 
organic light-emitting diode (OLED) dis- 
play. The incumbent polycrystalline silicon 
technology has both cost and technological 
drawbacks that make it vulnerable to com- 
petition. It would be a nice vindication of 
organic semiconductor research if future 
displays have both organic TFTs and emit- 
ting diodes. However, there is tough com- 
petition from amorphous metal oxide TFTs 
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(7) because their mobility of 10 to 20 cm? 
Vs" also puts them in the OLED range. 
Their development raised a similar question 
of how an amorphous semiconductor can 
have such a high mobility. The explanation 
is that amorphous metal oxides have large 
s-orbitals that are spherically symmetric and 
insensitive to disorder in the bond angles, so 
that band tail states are few and shallow. The 
argument for the high-mobility polymers is 
also insensitivity to disorder but for a very 
different reason. 

Single crystals of small conjugated 
organic molecules can have room- 
temperature mobilities up to 20 to 30 cm? 
Vs (8), and theoretical calculations indi- 
cate that this value is about the upper limit 
for a polymer (9). It is not known how much 
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closer a solution-deposited polymer can 
approach this limit. The gains in polymer 
mobility have come from trying new ideas 
for molecular designs, learning what works, 
and refining the design, and there is no rea- 
son to suppose that chemists will run out of 
ideas any time soon. 
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ASTRONOMY 


Feedback on Galaxy Formation 


B. R. McNamara’? 


High-resolution radio images reveal how jets of relativistic particles can drive the dynamics of 


galaxy evolution. 


he rate of star formation in galax- 
ies peaked about 10 billion years 
ago when the universe was just over 
3 billion years old. It has been in decline 
ever since. Whereas spiral galaxies, like the 
Milky Way, slowly churn disks of cold gas 
clouds into young blue stars, giant ellip- 
tical galaxies today are dormant. Despite 
having developed atmospheres of tenuous, 
10-million-degree gas waiting to cool and 
fuel star formation, most are “red and dead” 
(see the figure). Why they remain so is one of 
the great mysteries of galaxy formation. On 
page 1082 of this issue, Morganti et al. (/) 
reveal part of the answer. 

Research into galaxy fomation has largely 
focused on environmental factors. For 
example, galaxies confined to dense regions 
in groups and clusters experience collisions 
and other gravitational interactions that tend 
to remove gas that would otherwise form 
stars (2). In more isolated regions of space, 
the opposite can occur. Strong galaxy inter- 
actions and collisions stir and compress the 
gas, inducing star formation and triggering 
quasar activity (3). Although external forces 
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certainly help shape galaxies, they are not 
the whole story. 

Over the past 20 years, it has become 
clear that most galaxies harbor central black 
holes with masses between 10° and 10'° M, 
(solar masses) (4). The ratio of a galaxy’s 
mass to its central black hole mass today is 
surprisingly constant at a value of roughly 
1000:1, regardless of the galaxy’s mass (5, 
6). This has led many to suggest that so- 
called supermassive black holes coevolve 
with the galaxies (3) and perhaps even regu- 
late their growth (3, 4, 7, 5). 

How can a black hole with an event hori- 
zon smaller than the size of the solar system 
shape the structure of an entire galaxy? As 
matter falls into the growing black hole, its 
enormous gravitational energy is released in 
the forms of radiation and relativistic jets. 
The radiation and jets interact with the sur- 
rounding gas, driving it away from the black 
hole and out of the galaxy, thus preventing it 
from forming stars (7). This process, known 
as active galactic nucleus feedback, may be 
able to regulate the growth of the galaxy and 
the black hole itself (7, 8). 

4C12.50 is an archetype in a class of bur- 
geoning galaxies known as ultraluminous 
infrared galaxies (ULIRGs), the infrared 
luminosity exceeding | trillion times that of 
the Sun (9). Most of its infrared radiation is 
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Red and dead. Messier 87 is located 16 Mpc away in the Virgo cluster of galaxies. It is a nearby example of a “red and 
dead” giant elliptical galaxy harboring a (4 to 6) x 10° M,, nuclear black hole. Stars are in white, x-ray atmosphere is in 
blue, and radio synchrotron emission is in red. M87 is an archetypal example of a giant elliptical galaxy experiencing radio 
mode feedback (22). 


reprocessed ultraviolet light emitted by hot 
young stars and the accreting black hole. An 
ULIRG is enshrouded in cold (30 to 100 K) 
clouds and dust that are so thick that most 
of the ultraviolet light is unable to escape. 
Instead, it is absorbed by dust that then 
shines in infrared light. The cold molecu- 
lar clouds and accompanying star forma- 
tion in 4C12.50 are thought to have arrived 
in a catastrophic merger of two spiral galax- 
ies. (The Milky Way’s star-formation rate is 
only a few solar masses per year, whereas 
star formation is proceeding at hundreds of 
solar masses per year in 4C12.50.) Most of 
the gas will be consumed by star formation. 
However, some will be expelled in winds 
driven by radiation pressure, supernova 
explosions (9), and by its powerful radio jets 
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(1). Objects like 4C12.50 may eventually 
emerge as elliptical galaxies. 

Relativistic radio jets are streams of 
plasma traveling near light speed, launched 
from the vicinity of supermassive black 
holes. Composed of charged particles and 
magnetic fields, they carry enormous energy 
and momentum flux. Their impact is clearly 
seen in x-ray images of elliptical galax- 
ies and galaxy clusters. As radio jets push 
through the hot atmosphere surrounding the 
host galaxy, they inflate vast cavities that rise 
buoyantly (7). The bubbles and their associ- 
ated shock fronts transfer the kinetic energy 
of the jet into the hot atmospheres, prevent- 
ing them from cooling into cold molecular 
clouds. This process, in part, keeps elliptical 
galaxies from forming stars (7, 8, 70). 
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Apparently, this is only part 
of the picture. Morganti et al. 
show, using a clever technique, 
that radio jets interact not only 
with tenuous hot atmospheres, 
but also with cold, dense gas. 
The authors took advantage of 
situations where the synchro- 
tron emission from the jet itself 
illuminates gas clouds from 
behind. The clouds then cast 
a radio shadow, a slight dim- 
ming of the radio flux, at a radio 
frequency that depends on the 
speed of the clouds along the 
line of sight. By combining 
signals from radio telescopes 
located around the world, the 
positions of the clouds can be 
pinpointed on the sky to a tiny 
fraction of an arc second. As 
long as the radio source is bright 
and the clouds are big enough 
and dense enough to absorb 
most of the radio flux strik- 
ing them, they can be detected 
in galaxies at nearly any dis- 
tance. Unfortunately, the tech- 
nique is sensitive only to gas 
lying along the line of sight to 
the radio source. Therefore, the 
gas mass can only be estimated 
using the strength of the absorp- 
tion feature. It cannot be mea- 
sured directly. 

Morganti et al. found cold 
clouds traveling toward us at 
about 1000 km s" and at a rate 
of roughly 20 solar masses per 
year. The clouds will surely be 
driven away from the sites of star 
formation in 4C12.50 before 
they collapse into stars. Some 
may escape the galaxy entirely. Uncertain- 
ties in the outflowing mass make it difficult 
to determine the immediate impact on the 
star-formation history of 4C12.50 itself. 
Nevertheless, this result has broad con- 
sequences. It demonstrates that radio 
jets, which are common to all elliptical 
galaxies, can couple to dense gas and accel- 
erate it to high speeds. Research using the 
new Atacama Large Millimeter Array is 
showing that radio bubbles can indeed 
drive outflows of molecular gas at rates 
of hundreds of solar masses per year. 
This process, known as radio-mechanical 
feedback, or radio mode feedback (/0), was 
thought to operate only on the hot, tenu- 
ous atmospheres of galaxies and clusters. 
It now seems that radio mode feedback 
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operates on both the hot and cold gas in 
galaxies. Because of this and the fact that 
radio jets are a common and recurrent 
phenomenon in galaxies, radio mode feed- 
back could be a key process that governs 
the growth of elliptical galaxies and the 
supermassive black holes lurking at their 
centers. 
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A Hyperventilating Biosphere 


Inez Fung 


trations in the atmosphere oscillate regu- 

larly over the course of each year (see the 
figure). This “breathing” occurs because CO, 
declines in the atmosphere during the grow- 
ing season, when CO, uptake via photosyn- 
thesis exceeds the release from microbial res- 
piration, and increases during the rest of the 
year, when release exceeds uptake. On page 
1085 of this issue, Graven et al. (/) present 
evidence that the breathing rate has acceler- 
ated greatly over the past 50 years. 

The depth of the breathing is captured 
by the net ecosystem production (NEP), the 
integrated net uptake over the months when 
CO, uptake exceeds release (see the figure, 
panel A). NEP would equal the net release 
integrated over the rest of the year if the bio- 
sphere were at equilibrium, with growth bal- 
ancing mortality and decay. NEP is greatest 
at high latitudes, where the growing season 
is short, and smallest in the tropics, where the 
monthly fluxes into and out of the atmosphere 
nearly cancel throughout the year. 

Long-term increases in the amplitude of 
the annual CO, cycles were first noted by 
Pearman and Hyson in 1981 (2) and have 
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since been established with increasing confi- 
dence. They have been attributed to increas- 
ing photosynthetic uptake, an earlier grow- 
ing season, and increasing decomposition 
in response to changes in climate and atmo- 
spheric composition. Even so, the CO, moni- 
toring stations are sparse and are located in 
remote marine locations, and it is not clear 
how widespread the biosphere response has 
been. 

Graven et al., in a masterful stroke, have 
stitched together separate pieces of aircraft 
CO, records over the North Pacific (see the 
figure, panels B to D) to estimate the CO, 
amplitude trends in the middle troposphere, 
about 3 to 6 km above Earth’s surface. They 
find that the 50-year amplitude trends in the 
mid-troposphere resemble those at the few 
monitoring sites at the surface. The trends 
are huge: ~10% per decade at high latitudes 
and ~5% per decade over the mid-latitudes. 
Winds mix CO, throughout the atmosphere, 
albeit incompletely. The mid-tropospheric 
amplitude trends therefore signify an increas- 
ing NEP over a wide swath of the biosphere, 
with the increase fastest at high latitudes. 

The question arises, what is causing the 
Northern Hemisphere land biosphere, espe- 
cially at high latitudes, to go into hyperdrive? 
Surely, the biosphere must be enjoying the 
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Seasonal carbon dioxide uptake and release 
patterns are changing as a result of global 
warming. 


warming. Satellite observations show that 
from 1982 to 2011, the photosynthetic sea- 
son has been lengthening over the past three 
decades: On average, the onset of greening of 
northern ecosystems (>45 N) has advanced 
by 1 day per decade in the spring, and the 
seasonally integrated photosynthesis has 
increased, consistent with the warming and 
thawing (3). However, enhanced photosyn- 
thesis alone is not enough to explain the large 
increase in CO, amplitude seen by Graven 
et al. The authors hypothesize that observed 
changes in the structure of the biosphere— 
for example, northward migration of the tree 
line, increased shrub cover in the Arctic, and 
reestablishment of forests after fires—have 
enhanced carbon uptake to the extent neces- 
sary to explain the amplitude trend. 

The satellite data show that the photosyn- 
thetic season of northern ecosystems does 


Deeper breathing. The net ecosystem productiv- 
ity (green) captures the seasonal uptake of carbon 
dioxide by the biosphere (A). Graven et al. have 
used aircraft data to determine how carbon dioxide 
concentrations have oscillated in the troposphere 
over recent decades. The seasonal oscillations are 
largest at high latitudes (B) than at mid- (C) and 
low-latitudes (D). The amplitude of this “breathing” 
is increasing, especially at high latitudes. [Panels B 
to D adapted from fig. $4 in (1)] 
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not extend as far into autumn as the warming 
and thawing seasons and ends earlier, by ~0.9 
days per decade (3). 

The longer decomposition season, cou- 
pled with greater amounts of detritus from 
enhanced photosynthesis and faster decom- 
position rates, would contribute to a higher 
atmospheric CO, buildup and hence a larger 
CO, amplitude (4). Microbes, the agents of 
decomposition, are having a feast not only 
in the melting permafrost, but in the entire 
Northern Hemisphere (5—7). The micro- 
bial feast would in turn supply nutrients to 
enhance photosynthetic uptake and support 
the poleward march of ecosystems. 

Graven et al. show that the CO, ampli- 
tude trend is not well simulated by the cur- 
rent generation of global Earth system mod- 
els. These models include the life cycles 
of ecosystems, with photosynthetic uptake 
sensitive to atmospheric CO, and ambi- 
ent climate; and litter decomposition (and 
concomitant microbial respiration) vary- 


ing with temperature and soil moisture. In 
some models, vegetation structure changes 
with fires and changing climate. So what is 
missing? 

Permafrost carbon dynamics is just 
beginning to be incorporated into the next- 
generation models (8). Still, understanding 
of the transient carbon dynamics of a thaw- 
ing Arctic is rudimentary. The Carbon in 
Arctic Reservoirs Vulnerability Experiment 
(CARVE), a NASA mission, has observed 
episodic bursts of high CO, and CH, 
throughout the thaw season (9), not the slow, 
steady release predicted by the models. The 
U.S. Department of Energy’s Next Genera- 
tion Ecosystem Experiments in the Arctic 
(NGEE-Arctic) (10), NASA’s Arctic-Boreal 
Vulnerability Experiment (ABoVE) (//), 
and the European Union’s PAGE21 project 
(12) all promise to deliver new insights that 
will advance the modeling. 

The biosphere is changing, and changing 
rapidly. Currently it is a sink for a quarter 


of the anthropogenic CO, emissions. Will 
it continue to act as a sink for fossil fuel— 
derived CO,? Current results, including 
those reported by Graven ef al., suggest that 
it will do so until microbial respiration over- 
takes photosynthetic uptake. The race is on. 
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CHEMISTRY 


Uncloaking the Quantum Nature 
of Inelastic Molecular Collisions 


Piergiorgio Casavecchia' and Millard H. Alexander’ 


ollisions between molecules can 

be reactive, resulting in a change in 

their chemical identity, or inelastic, 
resulting in a change in only their internal 
energy or orientation. On page 1094 of this 
issue, Chefdeville et al. (7) report on the pre- 
dominant contribution of quantum-mechan- 
ical resonances to the inelastic scattering 
and excitation of molecular oxygen (O,) by 
molecular hydrogen (H,). 

A crucial quantity as two partners 
approach, collide, and then recede is the 
“orbital” angular momentum /. This quantity 
is the product of their initial relative velocity, 
their reduced mass, and the impact parameter 
b, which is the offset off-axis as the two mol- 
ecules approach one another (see the figure, 
panel A; b is zero for a head-on collision). In 
quantum mechanics, / can take on only inte- 
ger values, in units of Planck’s constant. The 
overall, or integral, cross section (the effec- 
tiveness of reaction or energy transfer) is the 
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weighted sum of the contributions from colli- 
sions at separate values of /. To connect these 
values to chemical kinetics, the thermal rate 
coefficient is calculated as the average of the 
integral cross section over a distribution of 
relative velocities of the colliding molecules. 
Strictly speaking, the summation is really 
over all values of the total angular momentum 
J, which is the vector sum of /, N (the nuclear 
rotational angular momentum), and S (the 
total electronic spin angular momentum). 

In the experiments of Chefdeville et 
al., the collision energies are low enough, 
the mass of the H, collision partner small 
enough, and the resolution in collision energy 
high enough to allow a clean resolution of the 
contribution of individual partial waves— 
individual values of /—to the integral inelas- 
tic cross section. In scanning the collision 
energy, they observe sharp peaks in the mea- 
sured cross sections, which they attribute to 
resonances associated with low values of J. 
[A resonance is a metastable, short-lived state 
that is accessed and then decays during the 
course of a collision (2).] 

In O,, the spins of the two outermost elec- 
trons are not paired up, so that S = 1. The O, 
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Experiment and theory combine to reveal 
quantum resonances when hydrogen molecules 
hit and excite oxygen molecules. 


molecule has a permanent magnetic moment 
that lies in the same direction as S, even in the 
absence of an external magnetic field. Sym- 
metry considerations restrict N to only odd 
integer values. In the lowest rotational state 
of O,, Nand S are antiparallel so that the total 
molecular angular momentum / is zero. 

In the sophisticated experiment of 
Chefdeville et al., a collimated, energy- 
resolved beam of O, formed predominantly 
in its ground state (V= 1,7 =0) collided with 
a beam of H, in its singlet ground state (S = 
0). The H, beam was cooled into its lowest 
possible rotational state (V= 0), which corre- 
sponds to the para nuclear spin modification 
and is nearly spherical. 

In their experiments, O, was scattered 
inelastically into a higher (NV = 1, 7 = 1) spin- 
rotation level, where S and N are perpendicu- 
lar. The (V = 1, 7 = 1) state lies ~4 cm (0.5 
meV) higher in energy than the ground state 
(3), a consequence of the weak interaction 
between the spin magnetic moment and the 
“end-over-end” rotation of the O,. As the col- 
lision energy increased from 4 to 20 cm, the 
probability of excitation to the N= 1,7 = 1 
level showed three well-resolved peaks. 
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A highly resolved molecular collision. (A) 
The O, molecule initially in its lowest spin-rota- 
tion level (V = S = 1, j = 0) collides with H, 
at impact parameter b. The rotational angular 
momentum N (red arrow) and the electronic 
spin S (green arrow) are opposite in direction so 
that the total molecular angular momentum j is 
0. The purely electrostatic interaction of O, with 
H, cannot change the direction or magnitude 
of S. The H, molecule in its lowest (NV = 0) level 
behaves as a spherical particle. (B) Illustration 
of the adiabatic O,-H, interaction potential for 
the J = 3 partial wave, in which distance is given 
in units of the Bohr radius ay. The green line 
indicates the energy of the quasibound com- 
plex in which O, is excited to the NV = 3 level. At 
collision energies near this value, the inelastic 
scattering is greatly enhanced. At this energy, 
when the collision partners approach to closer 
than 9p, the O, partner can ephemerally access 
(shown by the vertical wiggly arrow) the NV = 3 
state, which is energetically allowed inside this 
distance. As the collision partners recede, the 
ephemeral rotationally excited state of O, (a 
Feshbach resonance) must relax to the lower NV 
= 1 state. As this occurs, there is a substantial 
probability that NV will end up reoriented. Sub- 
sequently, the angular momenta W and S recou- 
ple, which leaves the O, molecule in the (WV = 1, 
j = 1) spin-rotation state (in which WV is oriented 
perpendicular to S). 


In general, collisions are direct pro- 
cesses and can be modeled well by classi- 
cal mechanics. For / > 0, there is a small bar- 
rier in the interaction potential at long-range 
due to the repulsive centrifugal interaction 
between the collision partners. (At nonzero 
impact parameter, the relative kinetic energy 
is partially transformed into rotation.) Quan- 
tum mechanics allows the partners to tun- 
nel inside the centrifugal barrier, a process 
for which there is no classical analog. At 
certain collision energies, the probability of 
tunneling is greatly enhanced, and the colli- 
sion partners become temporarily trapped 
together inside the centrifugal barrier. This is 
called a shape resonance because the energy 
at which the trapping occurs is determined by 
the shape of the centrifugal barrier. 

The interaction between H, and O, is 
sufficiently attractive that a complex can be 
formed between H, and rotationally excited 
O,, even when there is not enough energy 
to permit the O, to escape in a rotationally 
excited state. These ephemeral states, which 
exist only for particular values of the energy, 
are called Feshbach resonances. 

At collision energies where either shape 
or Feshbach resonances occur, the “lifetime” 
of the collision will be substantially longer. 
This trapping greatly amplifies the probabil- 
ity of inelastic scattering, in comparison with 
collisions at energies off resonance, as illus- 
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for the inelastic scatter- 
ing of CO by H, as evi- 
dence of partial-wave 
resonances. Because 
there was substantial 
overlap between these 
features, it is the present 
O,-H, study that pro- 
vides a more convincing 
assignment of these dra- 
matic quantum effects. 
Radio astronomy has 
identified a multitude of 
molecules in interstel- 
lar gas clouds (7). Many 
of these clouds are cold, 
with temperatures rang- 


ing from 10 to 100 K 
(corresponding to ener- 
gies from 7 to 70 cnr). 
Understanding the effi- 


ciencies of collisional 
excitation and deexci- 
tation is key to devel- 
oping kinetic models to 
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trated in the figure, for the resonance that 
Chefdeville et al. labeled “b.” The energies 
of the trapped states are extremely sensitive 
to the underlying H,—O, interaction poten- 
tial and to the centrifugal potential. Thus, for 
each partial wave, the resonances occur at 
slightly different collision energies. 

Chefdeville ef a/. also report a quantum- 
chemical calculation of the O,-H, interaction 
potential, followed by an accurate solution of 
the Schrédinger equation for the scattering. 
These simulations permit a convincing attri- 
bution of the three observed peaks to shape 
resonances associated with the J = 2 partial 
wave and to Feshbach resonances associated 
with the J= 2, 3, and 4 partial waves. The cal- 
culations also reveal that the observed spin- 
rotation inelasticity is due almost entirely 
to these resonances. Off resonance, the pre- 
dicted inelasticity is much smaller. 

Previous experimental studies of the reac- 
tive scattering of fluorine atoms and hydro- 
gen (F + HD > FH + D) revealed similar 
single partial-wave resonances that were cor- 
roborated by quantum scattering calculations 
(4). The possible appearance of shape and 
Feshbach resonances in the inelastic scat- 
tering of the OH radical has been discussed 
but not yet confirmed experimentally (5). 
Recently, Chefdeville et al. (6) interpreted 
oscillations in the energy dependence of 
experimentally determined cross sections 
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explain the formation 
and abundance of these 
molecules (&). Because 
the element H makes up 
about three-quarters of the mass of the uni- 
verse (9), by far the most common collision 
partner in cold clouds is molecular hydrogen 
(H,). The remarkable accuracy of the theo- 
retical predictions of the quantum features of 
the scattering of O, by H, seen by Chefdeville 
et al. confirms that similar calculations can 
provide accurate data for modeling in astro- 
physical environments the concentration and 
population distribution of O,, as well as other 
systems not accessible in the laboratory. 
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RETROSPECTIVE 


Tony Pawson (1952-2013) 


Tony Hunter 


n7 August 2013, the scientific com- 
() ms lost Tony Pawson, a pioneer 

in elucidating the mechanistic prin- 
ciples of intracellular signal transduction. His 
enduring legacy will be the discovery that the 
Sre homology 2 (SH2) domain in one pro- 
tein interacts with a phospho- 
rylated tyrosine residue in 
another protein. This insight 
was the basis for his enor- 
mously influential idea that 
eukaryotic signaling systems 
comprise modular interaction 
domains that are used in com- 
binations to propagate signals 
throughout the cell. 

Tony was born in Kent, 
England, in 1952, and edu- 
cated at Winchester College 
and the University of Cam- 
bridge, graduating in 1973. 
He received his Ph.D. in 1976 
working at the Imperial Cancer Research 
Fund (ICRF) where he studied the proteins 
encoded by the Rous sarcoma virus (RSV) 
genome under Alan Smith. At the Univer- 
sity of California, Berkeley, he worked 
with Steven Martin, who had established 
that transformation of normal cells to can- 
cer cells requires an RSV protein. In 1979, 
the viral Sre (v-Src) transforming protein 
was found to have the unprecedented abil- 
ity to phosphorylate tyrosine. This sparked 
Tony’s interest, and he quickly showed that 
the v-Fps transforming protein of Fujinami 
sarcoma virus (FSV) had the same activity, 
establishing tyrosine phosphorylation as a 
general mechanism of viral transformation. 

In 1981, Tony became an assistant pro- 
fessor at the University of British Columbia 
in Vancouver. In collaboration with Michael 
Smith, he scanned the FSV transforming gene 
and discovered nontransforming insertions in 
a noncatalytic region of v-Fps, homologous to 
that lying immediately upstream of the v-Sre 
kinase domain. Based on the homology and 
consequences of these insertions, he con- 
cluded that this noncatalytic domain had an 
important function and called it SH2. Ina key 
advance, he showed that isolated SH2’s bind 
to phosphorylated tyrosines in other proteins. 
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This established a new paradigm of signaling 
in which induced protein-protein interaction 
transduces the signal. 

With SH2 as the prototype, Tony delin- 
eated how modular interaction domains could 
assemble signaling complexes to propagate 
an extracellular stimulus 
through intracellular signals. 
It soon became clear that SH2 
domain—containing proteins 
were involved downstream 
of many types of cell surface 
receptors and were elements 
in proteins with distinct func- 
tions, including adaptors, 
enzymes, and transcription 
factors. Tony characterized 
other modular domains that 
interact with proteins either 
constitutively or inducibly. 
He quickly became the cham- 
pion of modular protein inter- 
action domains, and wrote a series of influen- 
tial reviews. 

In his talks, given in characteristic style, 
Tony stressed how modular domains could 
be exploited to build new signaling modules 
and pathways during evolution. For example, 
once they evolved, SH2 domains could link 
an existing signaling pathway to a new type 
of receptor system that used tyrosine phos- 
phorylation. He validated this concept by 
altering the specificity of SH2 domains and 
creating new interaction domain combina- 
tions that rewired signaling pathways. One 
of his most recent discoveries was the impor- 
tance of modular domain ligand affinities in 
dictating signal strength. 

In 1985, Tony joined the Samuel Lunen- 
feld Research Institute (SLRI) of Mount 
Sinai Hospital (now the Lunenfeld-Tanen- 
baum Research Institute) in Toronto as a 
senior scientist. Over the next 25 years, he 
had a huge influence on science in the region, 
as a professor at the University of Toronto and 
as director of research at the SLRI from 2000 
to 2005. He recruited outstanding scientists 
to the institute, promoted proteomics as a key 
technology for studying signaling networks, 
and founded MDS Proteomics, a proteomics- 
based drug discovery company. He received 
numerous prestigious Canadian awards, and 
in 2006 he was awarded the Companion of 
Honor by the Queen. His many international 
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A “titan of signaling” who established 
principles of protein-protein interactions 
that influenced our understanding of cellular 
signal transduction. 


prizes included the Gairdner Award, the Wolf 
Prize, and the Kyoto Prize. He had been 
widely tipped to win the Nobel Prize. 

I first met Tony in 1974 while he was a stu- 
dent at ICRF, through our common interest 
in using in vitro translation systems to study 
the products of viral genomes. We could not 
have known it at the time, but our paths were 
to cross innumerable times in the subsequent 
nearly 40 years. Shortly after he moved to 
Berkeley in 1976, I invited him to speak at 
the Salk Institute. Our last interaction was at 
the 2013 FASEB Meeting on Protein Kinases 
and Protein Phosphorylation where he gave 
the keynote talk. We organized many confer- 
ences together and collaborated on several 
projects, right up until his death. Each of us 
trained a graduate student who did postdoc- 
toral work in the other’s lab. 

Our upbringing had many things in com- 
mon. We were born less than 20 miles apart 
in Kent, attended “public” schools in Eng- 
land before graduating from the University of 
Cambridge, and ended up in North America. 
We also shared a love for rivers. Tony was an 
avid fly fisherman, and whenever at a meeting 
near mountains, he took an afternoon off to 
fish. His father, Tony Pawson Sr., was world 
fly fishing champion, and Tony often said that 
he went to North America to get away from 
his father’s fame in the UK as a cricketer and 
soccer player. My wife and I had many enjoy- 
able outings with Tony and his wife Maggie 
in different parts of the world. Maggie died 
of lung cancer in 2011, and Tony really never 
got over her loss. 

Soon after his sudden passing, I went raft- 
ing on the Middle Fork of the Salmon River 
in Idaho, giving me time to reflect on my 
friend’s life and contributions. He influenced 
the next generation of scientists not only by 
his seminal findings, but through his interac- 
tions at meetings, where he was known for 
his enthusiasm and approachability and the 
encouragement that he gave to younger scien- 
tists. “The other Tony” will be sorely missed 
by his three children, his friends, by all those 
in the scientific community who knew him, 
and by everyone whose science was influ- 
enced by his work. His latest research was 
going better than ever, and it is tragic that we 
will never know what other new principles of 


signal transduction he might have uncovered. 
10.1126/science.1244986 
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Fig. 1. Reliable replication of human donor 
microbiota in gnotobiotic mice. 


Fig. 2. Cohousing Ob“ and Ln“ mice 


transforms the adiposity phenotype of cage 


Introduction: Establishing whether specific structural and functional configurations of ahuman gut mates harboring the obese co-twin’s culture 
microbiota are causally related to a given physiologic or disease phenotype is challenging. Twins dis- collection to a leanlike state. 

cordant for obesity provide an opportunity to examine interrelations between obesity and its associ- Fig. 3. Effect of cohousing on metabolic 
ated metabolic disorders, diet, and the gut microbiota. Transplanting the intact uncultured or cultured profiles in mice consuming the LF-HPP diet. 


human fecal microbiota from each member of a discordant twin pair into separate groups of recipient 


germ-free mice permits the donors’ communities to be replicated, differences between their properties Fig. 4. Effects of NHANES-based LoSF-HiFV 
to be identified, the impact of these differences on body composition and metabolic phenotypes tobe and HiSF-LoFV diets on bacterial invasion, 
discerned, and the effects of diet-by-microbiota interactions to be analyzed. In addition, cohousing body mass, and metabolic phenotypes. 
coprophagic mice harboring transplanted microbiota from discordant pairs provides an opportunity to Fig. 5. Invasion analysis of species-level taxa 
determine which bacterial taxa invade the gut communities of cage mates, how invasion correlates with jn Ob or Ln“ mice fed the NHANES-based 


host phenotypes, and how invasion and microbial niche are affected by human diets. LoSF-HiFV diet. 


Methods: Separate groups of germ-free mice were colonized with uncultured fecal microbiota from Fig, 6. Acylcarnitine profile in the skeletal 
each member of four twin pairs discordant for obesity, or with culture collections from an obese (Ob) or —_ myscle of mice colonized with the Ob or Ln 
lean (Ln) co-twin. Animals were fed a mouse chow low in fat and rich in plant polysaccharides (LF-HPP) culture collections from dizygotic twin pair 1 
or one of two diets reflecting the upper or lower (Hi or Lo) tertiles of consumption of saturated fats (SF) and fed the LoSF-HiFV diet. 


and fruits and vegetables (FV) based on the U.S. National Health and Nutrition Examination Survey 


(NHANES). Ln or Ob mice were cohoused 5 days after colonization. Body composition changes were syppLEMENTARY MATERIALS 


defined by quantitative magnetic resonance. Microbiota or microbiome structure, gene expression, and 
metabolism were assayed by 165 ribosomal RNA profiling, whole-community shotgun sequencing, RNA- 
sequencing, and mass spectrometry. Host gene expression and metabolism were also characterized. 


Materials and Methods 
Supplementary Text 


Figs. $1 to $17 
Results and Discussion: The intact uncultured and culturable bacterial component of Ob co-twins’ Tables $1 to S17 


fecal microbiota conveyed significantly greater increases in body mass and adiposity than those of References and Notes 
Ln communities. Differences in body composition were correlated with differences in fermentation of 


short-chain fatty acids (increased in Ln), metabolism of branched-chain amino acids (increased in Ob), ~~ RELATED ITEMS IN SCIENCE 


and microbial transformation of bile acid species (increased in Ln and correlated with down-regulation 
of host farnesoid X receptor signaling). Cohousing Ln and Ob mice prevented development of increased 


A. W. Walker, J. Parkhill, Fighting obesity 


adiposity and body mass in Ob cage mates and transformed their microbiota’s metabolic profile toa With bacteria. Science 341, 1069-1070 (2013). 
leanlike state. Transformation correlated with invasion of members of Bacteroidales from Ln into Ob DOI: 10.1126/science.1243787 


microbiota. Invasion and phenotypic rescue were diet-dependent and occurred with the diet represent- 
ing the lower tertile of U.S. consumption of saturated fats and upper tertile of fruits and vegetables but 
not with the diet representing the upper tertile of saturated fats and lower tertile of fruit and vegetable 
consumption. These results reveal that transmissible and modifiable interactions between diet and 
microbiota influence host biology. 
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Cohousing Ln and Ob 
mice prevents adiposity 
phenotype in Ob cage 
mates (Ob“). (A) The adi- 
posity change after 10 
days of cohousing. *P < 
0.05 versus Ob controls 
(Student's t test). (B) Bac- 
teroidales from Ln“ micro- 
biota invade the Ob‘ 
microbiota. Columns show 
individual mice. 
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Gut Microbiota from Twins 
Discordant for Obesity Modulate 
Metabolism in Mice 


Vanessa K. Ridaura,? Jeremiah J. Faith, Federico E. Rey,’ Jiye Cheng, Alexis E. Duncan,7’3 
Andrew L. Kau,” Nicholas W. Griffin,? Vincent Lombard,* Bernard Henrissat,”’° 

James R. Bain,®”® Michael J. Muehlbauer,® Olga Ilkayeva,° Clay F. Semenkovich,? 
Katsuhiko Funai,” David K. Hayashi,?° Barbara J. Lyle,** Margaret C. Martini,?+ 

Luke K. Ursell,27 Jose C. Clemente,?? William Van Treuren,?? William A. Walters,?? 

Rob Knight,?7*7> Christopher B. Newgard,””® Andrew C. Heath,” Jeffrey |. Gordon’* 


The role of specific gut microbes in shaping body composition remains unclear. We transplanted 
fecal microbiota from adult female twin pairs discordant for obesity into germ-free mice fed 
low-fat mouse chow, as well as diets representing different levels of saturated fat and fruit and 
vegetable consumption typical of the U.S. diet. Increased total body and fat mass, as well as 
obesity-associated metabolic phenotypes, were transmissible with uncultured fecal communities 
and with their corresponding fecal bacterial culture collections. Cohousing mice harboring an 
obese twin’s microbiota (Ob) with mice containing the lean co-twin’s microbiota (Ln) prevented the 
development of increased body mass and obesity-associated metabolic phenotypes in Ob cage 
mates. Rescue correlated with invasion of specific members of Bacteroidetes from the Ln 
microbiota into Ob microbiota and was diet-dependent. These findings reveal transmissible, 
rapid, and modifiable effects of diet-by-microbiota interactions. 


icrobial community configurations 
M«= substantially between unrelated in- 

dividuals (/—9), which creates a chal- 
lenge in designing surveys of sufficient power to 
determine whether observed differences between 
disease-associated and healthy communities dif- 
fer significantly from normal interpersonal var- 
iation. This challenge is especially great if, for 
a given disease state, there are many associated 
states of the microbial species (microbiota) or mi- 
crobial gene repertoire (microbiome), each shared 
by relatively few individuals. Microbiota config- 
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urations are influenced by early environmental 
exposures and are generally more similar among 
family members (2, 7, /0, 17). 

There have been conflicting reports about 
the relation between interpersonal differences 
in the structure of the gut microbiota and host 
body mass index (BMI). Taxonomic profiles 
for obese and lean individuals may have dis- 
tinct patterns between human populations, but 
technical issues related to how gut samples are 
processed and community members are identified 
by 16S ribosomal RNA (rRNA) gene sequencing 
may also play a role in observed differences. 
The relative contributions of the microbiota and 
dietary components to obesity and obesity-related 
metabolic phenotypes are unclear and likely multi- 
faceted (2, 12-17). Transplants of fecal microbiota 
from healthy donors to recipients with metabolic 
syndrome have provided evidence that the micro- 
biota can ameliorate insulin-resistance, although 
the underlying mechanisms remain unclear (/8). 

Monozygotic (MZ) or dizygotic (DZ) twins 
discordant for obesity (/9, 20) provide an attract- 
ive model for studying the interrelations between 
obesity, its associated dietary and lifestyle risk fac- 
tors, and the gut microbiota/microbiome. In the 
case of same-sex twins discordant for a disease 
phenotype, the healthy co-twin provides a valuable 
reference control to contrast with the co-twin’s disease- 
associated gut community. However, this comparison 
is fundamentally descriptive and cannot establish 
causality. Transplanting a fecal sample obtained 
from each twin in a discordant pair into separate 
groups of recipient germ-free mice provides an 
opportunity to (1) identify structural and functional 
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differences between their gut communities; (ii) 
generate and test hypotheses about the impact of 
these differences on host biology, including body 
composition and metabolism; and (iii) determine 
the effects of diet-by-microbiota interactions 
through manipulation of the diets fed to these 
“humanized” animals and/or the representation of 
microbial taxa in their gut communities. 


Reproducibility of Microbiota Transplants 
from Discordant Twins 


We surveyed data collected from 21- to 32-year-old 
female twin pairs (n = 1539) enrolled in the Mis- 
souri Adolescent Female Twin Study [MOAFTS; 
(21, 22); for further details, see ref. (23)]. We 
recruited four twin pairs, discordant for obesity 
(obese twin BMI > 30 kg/m) with a sustained 
multiyear BMI difference of >5.5 kg/m? (n = 
1 MZ and 3 DZ pairs) (Fig. 1A). Fecal samples 
were collected from each twin, frozen immedi- 
ately after they were produced, and stored at 
—80°C. Each fecal sample was introduced, via a 
single oral gavage, into a group of 8- to 9-week- 
old adult male germ-free C57BL/6J mice (one 
gnotobiotic isolator per microbiota sample; each 
recipient mouse was individually caged within 
the isolator; n = 3 to 4 mice per donor microbiota 
sample per experiment; 1 = 1 to 5 independent 
experiments per microbiota). All recipient mice 
were fed, ad libitum, a commercial, sterilized mouse 
chow that was low in fat (4% by weight) and high 
in plant polysaccharides (LF-HPP) (23). Fecal 
pellets were obtained from each mouse 1, 3, 7, 
10, and 15 days post colonization (dpc) and, for 
more prolonged experiments, on days 17, 22, 24, 
29, and 35. 

Unweighted UniFrac-based comparisons of 
bacterial 16.5 rRNA data sets generated from the 
input human donor microbiota, from fecal sam- 
ples collected from gnotobiotic mice and from 
different locations along the length of the mouse 
gut at the time they were killed (table S1A), plus 
comparisons of the representation of genes with 
assignable enzyme commission numbers (ECs) 
in human fecal and mouse cecal microbiomes 
(defined by shotgun sequencing), disclosed that 
transplant recipients efficiently and reproducibly 
captured the taxonomic features of their human 
donor’s microbiota and the functions encoded by 
the donor’s microbiome (see Fig. 1B; fig. S1, A 
to E; fig. S2; table S1B; and table S2, A to D) 
(23). The 165 rRNA data sets allowed us to iden- 
tify bacterial taxa that differentiate gnotobiotic 
mice harboring gut communities transplanted 
from all lean versus all obese co-twins [analysis of 
variance (ANOVA) using Benjamini-Hochberg 
correction for multiple hypotheses] [table S3; see 
(23) for details]. 


Reproducible Transmission of Donor Body 
Composition Phenotypes 

Quantitative magnetic resonance (QMR) anal- 
ysis was used to assess the body composition 
of transplant recipients 1 day, 15 days, and, in 
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the case of longer experiments, 8, 22, 29, and 
35 days after transplantation. The increased adi- 
posity phenotype of each obese twin in a discor- 
dant twin pair was transmissible: The change in 
adipose mass of mice that received an obese co- 
twin’s fecal microbiota was significantly greater 
than the change in animals receiving her lean 
twin’s gut community within a given experiment 
and was reproducible across experiments (P < 
0.001, one-tailed unpaired Student’s ¢ test; n = 103 
mice phenotyped) (Fig. 1, C to E). Epididymal 
fat pad weights (normalized to total body weight) 
were also significantly higher in mice colonized 
with gut communities from obese twins (P < 0.05, 
one-tailed unpaired Student’s ¢ test). These dif- 
ferences in adiposity were not associated with 
statistically significant differences in daily chow 
consumption (measured on days 1, 8, and 15 after 
gavage and weekly thereafter for longer exper- 
iments) or with appreciably greater inflamma- 
tory responses in recipients of obese compared 
with lean co-twin fecal microbiota as judged by 
fluorescence-activated cell sorting (FACS) anal- 
ysis of the CD4* and CD8" T cell compartments 
in spleen, mesenteric lymph nodes, small intes- 
tine, or colon [see (23) for details]. 
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Functional Differences Between Transplanted 
Microbial Communities 

Fecal samples collected from gnotobiotic mice 
were used to prepare RNA for microbial RNA se- 
quencing (RNA-Seq) of the transplanted mi- 
crobial communities’ meta-transcriptomes (table 
S1C). Transcripts were mapped to a database of 
sequenced human gut bacterial genomes and as- 
signed to Kyoto Encyclopedia of Genes and Ge- 
nomes (KEGG) Enzyme Commission numbers 
(EC numbers) [see ref: (23)]. Significant differences 
and distinguishing characteristics were defined 
using ShotgunFunctionalizeR, which is based on a 
Poisson model (24) (see table S4 and table S5 for 
ECs and KEGG level 2 pathways, respectively). 
Transcripts encoding 305 KEGG ECs were dif- 
ferentially expressed between mice harboring mi- 
crobiomes transplanted from lean or obese donors 
[ShotgunFunctionalizeR, Akaike's information 
criterion (AIC) < 5000; P< 10 °°}. 

Mice harboring the transplanted microbiomes 
from the obese twins exhibited higher expression 
of microbial genes involved in detoxification and 
stress responses; in biosynthesis of cobalamin; 
metabolism of essential amino acids (phenyl- 
alanine, lysine, valine, leucine, and isoleucine) 
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and nonessential amino acids (arginine, cysteine, 
and tyrosine); and in the pentose phosphate path- 
way (fig. S3, A and B; table S4, B to G; and 
table S5). Follow-up targeted tandem mass spec- 
trometry (MS/MS)-based analysis of amino acids 
in sera obtained at the time mice were killed dem- 
onstrated significant increases in branched-chain 
amino acids (BCAA: Val and Leu/Ile), as well as 
other amino acids (Met, Ser, and Gly), plus trends 
to increase (Phe, Tyr, and Ala), in recipients of 
microbiota from obese compared with lean co- 
twins in discordant twin pairs DZ1 and MZ4 
(tables S1D and S6A). These specific amino 
acids, as well as the magnitude of their differ- 
ences, are remarkably similar to elevations in 
BCAA and related amino acids reported in obese 
and insulin-resistant versus lean and insulin- 
sensitive humans (25). This finding suggested 
that the gut microbiota from obese subjects 
could influence metabolites that characterize 
the obese state. 

In contrast, the transplanted microbiomes from 
lean co-twins exhibited higher expression of genes 
involved in (i) digestion of plant-derived poly- 
saccharides [e.g., o-glucuronidase (EC 3.2.1.139), 
o-L-arabinofuranosidase (EC 3.2.1.55)]; (ii) fermen- 
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Fig. 1. Reliable replication of human donor microbiota in gnotobiotic 
mice. (A) Features of the four discordant twin pairs. (B) Assembly of bacterial 
communities in mice that had received intact and uncultured fecal microbiota 
transplants from the obese and lean co-twins in DZ pair 1. Principal coordinates 
analysis plot of principal coordinate 1 (PC1) based on an unweighted UniFrac 
distance matrix and 97%ID OTUs present in sampled fecal communities. Circles 
correspond to a single fecal sample obtained at a given time point from a given 
mouse and are colored according to the experiment (n = 3 independent ex- 
periments). Note that assembly is reproducible within members of a group of 
mice that have received a given microbiota, as well as between experiments. (C) 
Body composition, defined by QMR, was performed 1 day and 15 dpc of each 
mouse in each recipient group. Mean values (+ SEM) are plotted for the percent 
increase in fat mass and lean body mass at 15 dpc for all recipient mice of each 
of the four obese co-twins’ or lean co-twins’ fecal microbiota, normalized to the 
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initial body mass of each recipient mouse. A two-way ANOVA indicated that 
there was a significant donor effect (P < 0.05), driven by a significant difference 
in adiposity and total body mass between mice colonized with a lean or obese 
co-twin donor's fecal microbiota (adjusted P < 0.05; Sidak’s multiple comparison 
test). (D) Mean values (+ SEM) are plotted for the percent change in fat mass at 
15 dpc for all recipient mice of each of the four obese co-twins’ or lean co-twins’ 
fecal microbiota. Data are normalized to initial fat mass (n = 3 to 12 animals 
per donor microbiota; 51 to 52 mice per BMI bin; total of 103 mice). ***P < 
0.001, as judged by a one-tailed unpaired Student's t test. (E) More prolonged 
time course study for recipients of fecal microbiota from co-twins in discordant 
DZ pair 1 (mean values + SEM plotted; n = 4 mice per donor microbiota). 
The difference between the gain in adiposity calculated relative to initial fat 
mass (1 dpc) between the two recipient groups of mice is statistically signif- 
icant (P < 0.001, two-way ANOVA). 
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tation to butyrate [acetyl-CoA C-acetyltransferase 
(EC 2.3.1.9), 3-hydroxybutyryl-CoA dehydrogenase 
(EC 1.1.1.157), 3-hydroxybutyryl-CoA dehydratase 
(EC 4.2.1.55), butyryl-CoA dehydrogenase (EC 
1.3.8.1)] (fig. S3, C and D); and (iii) fermentation to 
propionate [succinate dehydrogenase (EC 1.3.99.1), 
phosphoenolpyruvate carboxykinase (EC 4.1.1.32), 
methylmalonyl-CoA mutase (EC 5.4.99.2)] (table 
S4A). Follow-up gas chromatography—mass spec- 
trometry (GC-MS) of cecal contents confirmed that 
levels of butyrate and propionate were significantly 
increased and that levels of several mono- and 
disaccharides significantly decreased in animals 
colonized with lean compared with obese co-twin 
gut communities (P < 0.05, unpaired Student’s t 
test) (fig. S4, A and B, and table S6B). Procrustes 
analysis, using a Hellinger distance matrix (26), re- 
vealed significant correlations between taxonomic 
structure [97% identity (97%ID) threshold for de- 
fining distinct operational taxonomic units (OTU) 
in fecal samples], transcriptional profiles (enzyme 
representation in fecal mRNA populations), and 
metabolic profiles (GC-MS of cecal samples), with 
separation of groups based on donor microbiota 
and BMI (Mantel test, P < 0.001) (fig. S5). 
These results suggest that, in this diet context, 
transplanted microbiota from lean co-twins had a 
greater capacity to breakdown and ferment poly- 
saccharides than the microbiota of their obese co- 
twins. Previous reports have shown that increased 
microbial fermentation of nondigestible starches 
is associated with decreased body weight and de- 
creased adiposity in conventionally raised mice that 
harbor a mouse microbiota [e.g., refs. (27-29)]. 


Phenotypes Produced by Bacterial 
Culture Collections 


We followed up these studies of transplanted, in- 
tact, and uncultured donor communities with a set of 
experiments involving culture collections produced 
from the fecal microbiota of one of the discordant 
twin pairs. Our goal was to determine whether cul- 
tured bacterial members of the co-twins’ microbiota 
could transmit the discordant adiposity phenotypes 
and distinctive microbiota-associated metabolic pro- 
files when transplanted into gnotobiotic mouse re- 
cipients that received the LF-HPP chow diet. 
Collections of cultured anaerobic bacteria were 
generated from each co-twin in DZ pair 1 and 
subsequently introduced into separate groups of 
8-week-old germ-free male C57BL/6J mice (n= 
5 independent experiments; n = 4 to 6 recipient 
mice per culture collection per experiment). The 
culture collections stabilized in the guts of re- 
cipient mice within 3 days after their introduc- 
tion [see (23); fig. S6, A to E; and table S7 for 
documentation of the efficient and reproducible 
capture of cultured taxa and their encoded gene 
functions between groups of recipient mice]. 
As in the case of uncultured communities, we 
observed a significantly greater increase in adi- 
posity in recipients of the obese twin’s culture col- 
lection compared with the lean co-twin’s culture 
collection (P < 0.02, one-tailed unpaired Student’s ¢ 
test) (Fig. 2, A and B). Nontargeted GC-MS showed 
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that the metabolic profiles generated by the trans- 
planted culture collections clustered with the 
profiles produced by the corresponding intact 
uncultured communities (fig. S6E). In addition, 
the fecal biomass of recipients of the culture col- 
lection from the lean twin was significantly greater 
than the fecal biomass of mice receiving the cul- 
ture collection from her obese sibling; these differ- 
ences were manifest within 7 days (P < 0.0001, 
two-way ANOVA) (fig. S7A). 


Cohousing Ob and Ln Animals Prevents 
an Increased Adiposity Phenotype 


Because mice are coprophagic, the potential for 
transfer of gut microbiota through the fecal-oral 
route is high. Therefore, we used cohousing to 
determine whether exposure ofa mouse harboring 
a culture collection from the lean twin could 
prevent development of the increased adiposity 
phenotype and microbiome-associated metabolic 
profile of a cage mate colonized with the culture 
collection from her obese co-twin or vice versa. 
Five days after gavage, when each of the inoculated 
microbial consortia had stabilized in the guts of 
recipient animals, a mouse with the lean co-twin’s 
culture collection was cohoused with a mouse with 
the obese co-twin’s culture collection (abbreviated 
Ln™ and Ob™, respectively). Control groups con- 
sisted of cages of dually housed recipients of the 
lean twin culture collection and dually housed 
recipients of the obese co-twin’s culture collection 
(n = 3 to 5 cages per housing configuration per 
experiment; 1 = 4 independent experiments; each 
housing configuration in each experiment was 
placed in a separate gnotobiotic isolator) (Fig. 
2A). All mice were 8-week-old C57BL/6J males. 
All were fed the same LF-HPP chow ad libitum that 
was used for transplants involving the correspond- 
ing uncultured communities. Bedding was changed 
before initiation of cohousing. Fecal samples were 
collected from all recipients 1,2, 3,5, 6,7, 8, 10, and 
15 days after gavage. Body composition was mea- 
sured by QMR | and 5 days after gavage, and after 
10 days of cohousing. 

Ob“ mice exhibited a significantly lower in- 
crease in adiposity compared with control Ob ani- 
mals that had never been exposed to mice harboring 
the lean co-twin’s culture collection (P < 0.05, one- 
tailed unpaired Student’s ¢ test). Moreover, the adi- 
posity of these Ob“ animals was not significantly 
different from Ln controls (P > 0.05, one-tailed un- 
paired Student’s ¢ test) (Fig. 2B). In addition, expo- 
sure to Ob“ animals did not produce a significant 
effect on the adiposity of Ln“ mice: Their adiposity 
phenotypes and fecal biomass were indistinguish- 
able from dually housed Ln controls (Fig. 2B; and 
fig. S7, B and C). Cohousing caused the cecal meta- 
bolic profile of Ob‘ mice to assume features of 
Ln™ and control Ln animals, including higher lev- 
els (compared with dually housed Ob controls) of 
propionate and butyrate and lower levels of cecal 
mono- and disaccharides, as well as BCAA and 
aromatic amino acids (Fig. 2, C and D, and fig. S8). 

Principal coordinates analysis of unweighted 
UniFrac distances revealed that the fecal micro- 
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biota of Ob mice were reconfigured so that they 
came to resemble the microbiota of Ln‘ cage 
mates. In contrast, the microbiota of the Ln cage 
mates remained stable (fig. S9, A to C). We per- 
formed a follow-up analysis to identify species- 
level taxa that had infiltrated into and/or had been 
displaced from the guts of mice harboring the Ln 
and Ob culture collections. We did so by character- 
izing the direction and success of invasion. Microbial 
SourceTracker estimates, for every species-level 
taxon or 97%ID OTU, the Bayesian probability 
(P) ofits being derived from each ofa set of source 
communities (30). The fecal microbiota of Ln or 
Ob controls sampled 5 days after colonization 
were used as source communities to determine the 
direction of invasion. The fecal communities 
belonging to each Ln“ and Ob mouse were then 
traced to these sources. We defined the direction of 
invasion for these bacterial taxa, by calculating the 
log odds ratio of the probability of a Ln origin 
(PLn) or an Ob origin (POD) for each species-level 
taxon or 97%ID OTU, i, as follows: 


log, ( PLn;/POb;) 


A positive log odds ratio indicated that a 
species or 97%ID OTU was derived from a Ln 
source; a negative log odds ratio indicated an Ob 
source. An invasion score was calculated to 
quantify the success of invasion of each species 
or 97%ID OTU, i, into each cohousing group, /, as 
follows: 


Invasion Score; = logs (# iy = 
5 


where 4; is the average relative abundance of 
taxon /inall fecal samples collected from group / after 
cohousing, and By is its relative abundance in all 
samples taken from that group before cohousing. 
The observed mean of the distribution of 
invasion scores for Ob™ animals was significantly 
higher than that for dually housed Ob-Ob controls 
(P < 0.0005, Welch’s two-sample ¢ test) (fig. 
S10A). This was not the case for Ln animals 
when compared with dually housed Ln-Ln 
controls (P > 0.05), which suggested that there 
was significant invasion of components of the 
Ln‘ microbiota into the microbiota of Ob cage 
mates, but not vice versa. To quantify invasion 
further, we used the mean and standard deviation 
of the null distribution of invasion scores (defined 
as the scores from recipients of the Ln or Ob 
microbiota that had never been cohoused with 
each other) to calculate a z value and a Benjamini- 
Hochberg adjusted P value for the invasion score 
of each species in Ln and Ob™ mice. We con- 
servatively defined a taxon as a successful invader 
if it (i) had a Benjamini-Hochberg adjusted P < 
0.05, (ii) was represented in>75% of Ob™ or Ln 
mice when sampled 7 and 10 days after initiation 
of cohousing, and (iii) had a relative abundance of 
<0.05% before cohousing and >0.5% in the fecal 
microbiota at the time mice were killed. We de- 
fined a taxon that was displaced from an animal’s 
microbiota upon cohousing as having a relative 
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abundance >1% in Ln“ or Ob“ mice before they 
were cohoused and a relative abundance <0.5% 


after cohousing. 
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The direction and success of invasion are 
shown in Fig. 2E and table S8A. The most suc- 
cessful Ln“ invaders of the Ob“ microbiota were 


members of the Bacteroidetes (rank order of 
their invasion scores: Bacteroides cellulosilyticus, 
B. uniformis, B. vulgatus, B. thetaiotaomicron, 
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Fig. 2. Cohousing Ob“ and Ln“ mice transforms the adiposity pheno- 
type of cage mates harboring the obese co-twin’s culture collection to a 
lean-like state. (A) Design of cohousing experiment: 8-week-old, male, germ- 
free C57BL/6] mice received culture collections from the lean (Ln) twin or the 
obese (Ob) co-twin in DZ twin pair 1. Five days after colonization, mice were 
cohoused in one of three configurations: Control groups consisted of dually 
housed Ob-Ob or Ln-Ln cage mates; the experimental group consisted of dually 
housed Ob‘"-Ln‘" cage mates (data shown from five cages per experiment; two 
independent experiments) or Ob‘’-Ln“"- GF*-GF™ cage mates (n = 3 cages per 
experiment). All mice were fed a LF-HPP diet. (B) Effects of cohousing on fat 
mass. Changes from the first day after cohousing to 10 days after cohousing 
were defined using whole-body QMR. *P < 0.05, **P < 0.01 compared with 
Ob-Ob controls, as defined by one-tailed unpaired Student's t test. (C) Targeted 
GC-MS analysis of cecal short-chain fatty acids. Compared with Ob-Ob controls, 
the concentrations of propionate and butyrate were significantly higher in the 
ceca of Ob“, Ln-Ln, Ln‘, and GF“ mice. (D) Nontargeted GC-MS analysis of 
cecal levels of cellobiose and “maltose or a similar disaccharide.” *P < 0.05; 
**P < 0.01; **P < 0.005. (E) Evidence that bacterial species from the Ln 
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microbiota invade the Ob“ microbiota. Shown are SourceTracker-based esti- 
mates of the proportion of bacterial taxa in a given community sampled from a 
cage mate. For Ob“-Ln“ cohousing experiments, Ob“ and Ln“ microbiota were 
designated as sink communities, whereas the gut microbiota of Ob-Ob and Ln- 
Ln controls (at 5 dpc) were considered source communities. Red indicates species 
derived from the Ln‘" gut microbial community. Blue denotes species derived 
from the Ob‘ microbiota. Black denotes unspecified source (i.e., both com- 
munities have this species), whereas orange indicates an uncertain classification 
by the SourceTracker algorithm. “Other” after a genus name means unclassified. 
An asterisk placed next to a species indicates that it is a successful invader as 
defined in the text. Average relative abundance (RA) in the fecal microbiota is 
shown before cohousing (b, at 5 dpc) and after cohousing (a, at 15 dpc). The 
average fold-change (fc) in relative abundance for a given taxon, for all time 
points before and after cohousing is shown (excluding the first 2 days imme- 
diately after gavage of the microbiota and immediately after initiation of co- 
housing). Note that only taxa with significant changes in relative abundance 
between samples collected before and samples collected after cohousing are 
shown. For a full accounting of all taxa, see table S8A. 


SCIENCE www.sciencemag.org 


B. caccae, Alistipes putredinis, and Parabacteroides 
merdae). Invasiveness exhibited specificity at 
the 97%ID OTU level (fig. S11). In contrast, 
cohousing did not result in significant inva- 
sion of Ln‘ intestines with members of the Ob“ 
microbiota. 

In macroecosystems, successful invaders are 
often more likely to become established if they 
are from divergent taxa that do not share a niche 
with members of the native entrenched commu- 
nity (37,32). Weused the Net Relatedness Index 
[NRI (33)] to show that Ln and Ob communities 


Fig. 3. Effect of cohousing on metabolic profiles 
in mice consuming the LF-HPP diet. (A) Spearman's 
correlation analysis of cecal metabolites and cecal 
bacterial species—level taxa in samples collected from 
Ob, Ln, GF, Ln39®, and Ob"? cage mates and 
from Ob-Ob and Ln-Ln controls (correlations with P < 
0.0001 are shown). Taxonomic assignments were 
made using a modified taxonomy from the National 
Center for Biotechnology Information (of the U.S. 
National Institutes of Health) (23). Bacterial species 
and cecal metabolites enriched in animals colonized 
with either the Ln or Ob culture collections are colored 
red and blue, respectively. An asterisk in the colored 
box indicates that a taxon or metabolite is signif- 
icantly enriched in mice colonized with Ln (red) or 
Ob (blue) culture collections. Bacterial species col- 
ored red denote significant invaders from Ln“ mice 
into the gut microbiota of Ob‘ cage mates. (B) 
Cecal bile acids measured by UPLC-MS. Note that 
levels are plotted as log-transformed spectral abun- 
dances. Significance of differences relative to Ob-Ob 
controls were defined using a two-way ANOVA with 
Holm-Sidak’s correction for multiple hypotheses; 


have different phylogenetic structures and that the 
patterns of phylogenetic clustering and dispersion 
of Ob, but not Ln microbiota, change as a con- 
sequence of cohousing. Specifically fecal Ln, 
Ln*", and Ob“ communities had a negative NRI, 
which indicates that the community is more phy- 
logenetically dispersed than Ob controls. Further- 
more, the fecal communities of Ln®" and Ob“ 
animals had significantly more shared branch 
length with each other after cohousing compared 
with before cohousing [for a description of cal- 
culations and interpretation, see (23), fig. S9E, 
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and fig. $12]. Together, these patterns of phyloge- 
netic overdispersion and increased shared branch 
length in cohoused Ln‘” and Ob“ animals led us 
to hypothesize that Bacteroides in the Ln“ com- 
munity were efficient invaders of Ob™ communi- 
ties because they were able to occupy unoccupied 
niches in Ob“ intestines. Note that increased rep- 
resentation of Bacteroidetes has been documented 
in several independent studies of the gut micro- 
biota of conventionally raised lean mice compared 
with mice having genetic- or diet-induced obesity 
(34, 35). 
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Control experiments involving cohousing a 
germ-free (GF) mouse with an Ob mouse 5 days 
after transplantation of the complete culture 
collection from the obese co-twin demonstrated 
effective transmission of the Ob adiposity pheno- 
type to the GF cage mate (defined by epididymal 
fat pad weight as a percentage of total body weight; 
P > 0.05, comparing GF“? and Ob‘ cage 
mates with a two-tailed unpaired Student’s ¢ test). 
The adiposity (epididymal fat pad weights) of the 
GF*°» cage mate was significantly greater com- 
pared with GF-GF controls [1.4 + 0.1% of body 
weight (Ob); 1.4+ 0.05% (GF); 1.5+0.05% 
(Ob-Ob controls) versus 0.8 + 0.06% (GF-GF 
controls); P< 10 +, two-tailed unpaired Student’s ¢ 
test between GF*"©? and GF-GF controls; n = 6 
GF-GF, 8 Ob-Ob, and 10 GF%°?-Ob""*F)]. 

In separate experiments, we cohoused two GF 
animals together with one Ln and one Ob animal, 
5 days after colonization of Ln and Ob mice 
(repeated in three separate cages, each cage in a 
separate isolator). As with previous experiments, 
bedding was changed before initiation of co- 
housing. The GF “bystanders” did not develop 
increased adiposity phenotypes and manifested 
cecal metabolic profiles and fecal biomass char- 
acteristics of their Ln“ cage mates and Ln controls 
(Fig. 2, B to E, and fig. S7F). In the initial phase of 
cohousing (days | to 2), the microbiota of GF™ 
mice in each cage resembled that of noncohoused 
Ob-Ob controls (fig. S9D). By the next day, the 


microbiota ofeach ex-GF™ animal had undergone 
a dramatic change in composition, with 94.8 + 
0.4% of taxa now derived from their Ln cage 
mate (defined by SourceTracker; see table S8A for 
log odds ratio scores). The most prominent in- 
vaders were the same prominent invaders from the 
Ln™ microbiota described above (i.e., all of the 
Bacteroidales) (Fig. 2E). We concluded that these 
Ln-derived taxa had greater fitness in the guts of 
C57BL/6J mice consuming this diet, and had a 
“dominant-negative” effect on host adiposity. 


Changes in the Cecal Metatranscriptome 
and Metabolome of Ob‘ Animals 


Cecal samples collected at the time mice were 
killed from Ln, Ob", and control Ob and Ln ani- 
mals were subjected to microbial RNA-Seq. Reads 
were assigned to ECs as above, and Euclidean 
distances were calculated from the EC matrix. The 
results revealed that the metatranscriptomes of 
Ob™ animals were significantly more similar to 
those of their Ln“ cage mates and Ln controls 
than to Ob controls, consistent with a functional 
transformation of the Ob“ microbiota to a leanlike 
state as a consequence of invasion of the Ln taxa 
(P<0.0001 as measured by a one-way ANOVA, 
with Holm-Sidak’s correction for multiple 
hypotheses) (fig. S13). The majority (55.9%) 
of ECs that were enriched in the cecal metatran- 
scriptomes of Ob“" mice, compared with dually 
housed Ob-Ob controls, were also significantly 


enriched in dually housed Ln-Ln versus Ob-Ob 
controls, including ECs that participate in car- 
bohydrate metabolism and protein degradation. 
The latter encompassed five enzymes involved 
in the KEGG pathway for degradation of the 
BCAA valine, leucine, and isoleucine (transcripts 
encoding EC 1.2.4.4; EC 2.6.1.42; EC 5.1.99.1, 
and EC 6.4.1.3, which map to the genomes of in- 
vading members of the Bacteroides, and EC 
4.2.1.17, which maps to members of Clostridiaceae) 
(table S9). The increased expression of genes in- 
volved in BCAA degradation is consistent with 
the reduced cecal levels of BCAA observed in 
Ln-Ln, Ln“ and Ob“ animals versus Ob-Ob con- 
trols (fig. S8). These results are consistent with the 
notion that invasion by Bacteroides increases the 
efficiency of BCAA degradation in the gut, re- 
ducing production of BCAA and related metabolites 
by the microbiome and contributing to decreased 
circulating levels of BCAA in the host. As with 
transplanted, intact, and uncultured microbiota from 
the discordant twin pairs, targeted MS/MS analy- 
sis confirmed that Ob-Ob controls had a global 
increase in serum levels of BCAAs, as well as higher 
levels of Met, Ser, Gly, Phe, Tyr, and Ala com- 
pared with Ln-Ln controls (P < 0.05, matched 
one-way ANOVA) (table S10). However, after 
10 days of cohousing, Ob“ animals did not ex- 
hibit a statistically significant reduction in serum 
BCAA levels compared with Ob-Ob controls, 
although levels in Ln cage mates were signifi- 
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Fig. 4. Effects of NHANES-based LoSF-HiFV and HiSF-LoFV diets on 
bacterial invasion, body mass and metabolic phenotypes. (A and B) 
Mean + SEM percent changes in total body mass (A) and body composition [fat 
and lean body mass, normalized to initial body mass on day 4 after gavage (B)] 
occurring between 4 and 14 days after colonization with culture collections from 
the Ln or Ob co-twin in DZ pair 1. Cohousing Ln and Ob mice prevents an 
increased body mass phenotype in Ob“ cage mates fed the representative LoSF- 
HiFV human diet (n = 3 to 5 cages per treatment group; 26 animals in total). 
**P < 0.01, based on a one-way ANOVA after Fisher's least significant difference 
test (also see table S14 for statistics). (C) Spearman's correlation analysis 
between bacterial species—level taxa and metabolites in cecal samples collected 
from mice colonized with culture collections from DZ twin pair 1 Ln and Ob co- 
twins and fed a LoSF-HiFV diet. Red and blue squares indicate metabolites or 
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taxa that are significantly enriched in samples collected from dually housed Ln- 
Ln or Ob-Ob controls respectively. An asterisk in the colored box indicates that 
that a taxon or metabolite is significantly enriched in mice colonized with Ln 
(red) or Ob (blue) culture collections. (D and E) Mean + SEM of changes in body 
mass and body composition in mice colonized with intact uncultured microbiota 
from DZ twin pair 2 and fed the representative HiSF-LoFV human diet. Ob-Ob 
controls have greater total and lean body mass than Ln-Ln controls, but this 
phenotype is not rescued in Ob“ animals (see table S14 for statistics). *P < 
0.05, **P < 0.01 based on a one-way ANOVA. Note that the HiSF-LoFV diet 
produces a significantly greater increase in body mass, specifically fat mass, in 
mice harboring the lean co-twins microbiota (Ln-Ln and Ln‘) than when they 
are fed the LoSF-HiFV diet [see (A) versus (D), and (B) versus (E); two-way 
ANOVA with Holm-Sidak’s correction for multiple hypotheses]. 
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cantly lower than in Ob-Ob controls and not 
different from Ln controls (table S10). More 
complete understanding of the contributions of 
the gut microbial community to Ob-associated 
metabolic phenotypes will require detailed, long- 
term, time-series studies of microbial and host 
transcriptomes and metabolomes. 

Significant correlations between cecal metab- 
olite levels and bacterial species represented in the 
microbiota of Ob-Ob, Ln-Ln, Ln“, Ob“ and GF“ 
mice consuming the LF-HPP diet are summarized 
in Fig. 3A (defined by asymptotic P values for all 
Spearman’s correlations, corrected for multiple 
hypotheses using the Benjamini-Hochberg pro- 
cedure). For example, BCAA and the products of 
amino acid metabolism were positively correlated 
with Clostridium hathewayi (Fig. 3A). This mem- 
ber of the Firmicutes represented an average of 
2.54% of the Ob fecal microbiota before cohousing; 
its relative abundance was significantly reduced in 
Ob" animals, and it was not able to successfully 
invade the microbiota of Ln™ cage mates (Figs. 2E 
and 3A and table S8A). 

Three members of the Bacteroidetes, B. 
uniformis, Parabacteroides merdae, and A. 
putredinis, which were prominent invaders of 
the Ob gut, positively correlated with cecal 
acetate, propionate, and butyrate levels. Where- 
as members of these species generate acetate 
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and propionate, their ability to produce butyrate 
has not been reported. Their positive association 
with butyrate levels could be due to interspecies 
acetate cross-feeding with butyrate-producing 
taxa (36, 37). The negative correlation between 
adiposity and cecal butyrate and propionate 
concentrations in Ln", Ob*", and GF micro- 
biota (7 =—0.49 and —0.45, respectively, P < 0.05) 
is consistent with previous studies claiming a 
role for these short-chain fatty acids in influenc- 
ing host energy balance (38, 39). 

The gut microbiota affects the composition and 
relative abundance of bile acids species through 
a variety of metabolic transformations (40, 41). 
Ultra-performance liquid chromatography—mass 
spectrometry (UPLC-MS) analysis of 37 bile acid 
species in cecal samples obtained from Ln-Ln, 
Ob-Ob, Ob", and Ln‘ mice revealed significant- 
ly lower levels of eight bile acids in Ob-Ob com- 
pared with Ln-Ln controls (Fig. 3B). Cohousing 
rescued these differences, with Ob“ mice having 
bile acid profiles that were more similar to Ln-Ln 
than to Ob-Ob controls and not significantly dif- 
ferent from Ln‘ cage mates (n = 5 to 6 mice per 
group; see table S11 for all bile acids measured 
that exhibit significant differences between Ob-Ob 
and Ln-Ln controls). 

Bile acids can have direct metabolic effects on 
the host via the nuclear farnesoid X receptor (FXR) 
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(42). Intestinal FXR mediates intestinal fibro- 
blast growth factor 15 (Fgf15) production. Fgf15, 
secrted by the gut epithelium and delivered to 
hepatocytes via the portal circulation, acts through 
fibroblast growth factor receptor 4 (Fgfr4) to 
inhibit expression of the rate-limiting enzyme in 
bile acid biosynthesis, cholesterol 7-c:-hydroxylase 
(Cyp7al) (Fig. 3, C to F) (43). Engineered FXR de- 
ficiency in leptin-deficient mice protects against 
obesity and improves insulin sensitivity (42). Over- 
expression of Cyp7a/ in the livers of transgenic 
mice also prevents diet-induced obesity and in- 
sulin resistance (44). Sequestering bile acids with 
the drug colesevelam lowers blood sugar in hu- 
mans with type 2 diabetes (45). Quantitative re- 
verse transcription polymerase chain reaction 
(qRT-PCR) analysis disclosed that, compared with 
Ln-Ln animals, Ob-Ob mice have increased FXR 
and Fgf15 mRNA levels in their distal small in- 
testine (ileum) and decreased hepatic Cyp7al ex- 
pression. Ob mice have expression profiles that 
are not significantly different from Ln-Ln controls 
(or Ln‘) (Fig. 3, C to E). Differences in bile acid 
metabolism, in addition to the documented differ- 
ences in carbohydrate fermentation by Ob com- 
pared with Ln microbial communities highlight 
some of the mechanisms that could contribute to 
the observed microbiota-mediated effects on body 
composition. 
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Fig. 5. Invasion analysis of species-level taxa in Ob or Ln™ mice fed 
the NHANES-based LoSF-HiFV diet. Red indicates species derived from the 
Ln" gut microbial community. Blue denotes species derived from the Ob“ 
microbiota. The mean relative abundance of each species-level taxon before 
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(b: 3 and 4 dpc) and after (a: 8, 10 and 14 dpc) cohousing is noted. Average 
fold-change (fc) in relative abundance of taxa before and after colonization was 
defined as in the legend to Fig. 2E. An asterisk (*) denotes bacterial species that 
satisfy our criteria for classification as successful invaders (see text). 
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Taxa-Specific Effects on Body Composition 

and Metabotype 

We subsequently colonized GF mice with a con- 
sorium of 39 sequenced taxa (97%ID OTUs) from 
the lean co-twin’s culture collection; 22 OTUs 
from Bacteroides, including B. cellulosilyticus, 
B. vulgatus, B. thetaiotaomicron, B. caccae, B. 
ovatus; 11 OTUs from Ruminococcaceae (one 
of the four family-level taxa that discriminate 
lean from obese), and six strains of Collinsella 
aerofaciens (richly endowed with genes involved 
in the acquisition and fermentation of diverse 
dietary carbohydrates) (see table S12 for features 
of the 39 sequenced genomes). Five days after 
colonization with the 39 taxa, these Ln39 mice 
were cohoused with Ob mice. Control groups con- 
sisted of dually housed Ln-Ln and dually housed 
Ob-Ob animals (fig. S14A) (n = 5 cages of co- 
housed animals per group; two independent ex- 
periments). Mice harboring the 39-member 
consortium (Ln39°), when cohoused with Ob 
(Ob*""°) animals, remained lean (fig. $14, A 
and B). However, Ln39™ animals were not able 
to confer protection against an increase in adi- 
posity of their Ob“ cage mates, nor did they ex- 
hibit a significant increase in their cecal butyrate 
levels (figs. S14, B and C and S7, D and E). Even 
though some species like B. cellulosilyticus and 
B. vulgatus from the Ln39°" microbiota ex- 
hibited significant invasion into the microbiota of 
Ob"? cage mates, there was an overall de- 
crease in invasion efficiency for members of the 
Ln39 consortia compared with those in the com- 
plete Ln culture collection [the mean of the dis- 
tribution of invasion scores for the Ob‘? 
microbiota was not significantly different from 
Ob-Ob controls (P > 0.05, Welch’s two-sample 
t test)] (fig. S10B, table S8B). These findings 
illustrate how invasiveness and adiposity are de- 
pendent on community context. 


Diet-Specific Effects 


To define the effects of diet on Ln and Ob 
microbiota-mediated transmission of body com- 
position and metabolic phenotypes, we constructed 
a diet made with foods that characterize diets 
representing the lower tertile of consumption of 
saturated fats and the upper tertile of consumption 
of fruits and vegetables reported in 1-day recalls 
by participants in the U.S. National Health and 
Nutrition Examination Survey (NHANES) during 
the period 2003-2008 [table S13 (23)]. Mice fed 
this low-—saturated fat, high fruits and vegetables 
(LoSF-HiF V, ~33% kcal of fat per 100 g) NHANES- 
based diet were colonized with either the Ln or 
Ob human culture collections and subsequently 
cohoused. Dually housed Ln-Ln and Ob-Ob 
animals served as reference controls ( = 3 to 5 
cages per housing configuration; two indepen- 
dent experiments). Ob-Ob cage mates consuming 
the LoSF-HiFV diet had significantly increased 
body mass compared with Ln-Ln cage mates, which 
reflected a significant increase in both adipose and 
ean body mass (one-way unpaired Student’s ¢ test; 
P < 0.001) (Fig. 4, A and B, and table S14). 
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Cohousing prevented development of an Ob 
body composition phenotype in Ob“ animals 
(Fig. 4, A and B). 

We used 165 rRNA analysis of fecal samples 
collected on days 1 to 8,10,12, and 14 after gavage 
of the culture collections, and it revealed that this 
rescue was accompanied by invasion of taxa from 
Ln™ to Ob" cage mates (P < 10 °; Welch’s two 
sample ¢ test comparing the mean of the distribu- 
tions of invasion scores between Ob-Ob controls 
and Ob“ animals) with the most invasive species 
being members of Bacteroides (i.e., B. uniformis, 
B. vulgatus, and B. cellulosilyticus) (Fig. 5; fig. 
S15, A to C; and fig. S10C). These species were 
also successful invaders in mice fed the LF-HPP 


Fig. 6. Acylcarnitine profile in the 
skeletal muscle of mice colonized 
with the Ob or Ln culture collec- 
tions from DZ twin pair 1 and fed 
the LoSF-HiFV diet. Each column 
represents a different animal and 
each row a different acylcarnitine. 
The identities and levels of these 
acylcarnitines were determined by 
targeted MS/MS (see table $15 for 
mean values + SEM for each treat- 
ment group). A two-way ANOVA 
with Holm-Sidak’s correction was 
used to calculate whether the level 
of each acylcarnitine was signifi- 
cantly different between Ob-Ob 
and Ln-Ln, Ln“, or Ob“ animals. 
*P < 0.05. 
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diet (Fig. 2E). As was the case with the LF-HPP 
mouse chow, fecal samples collected from Ln-Ln 
controls and from Ln‘? and Ob“ animals fed the 
human (NHANES-based) LoSF-HiFV diet had 
significantly greater microbial biomass compared 
with Ob-Ob controls (two-way ANOVA, P < 
0.001 after Holm-Sidak’s correction for multiple 
hypothesis). Moreover, fecal microbial biomass 
in Ob" and Ln“ animals was not significantly 
different (not shown). 

Significant correlations between cecal metab- 
olites and cecal bacterial taxa in mice fed a LoSF- 
HiFV diet are summarized in Fig. 4C. As in mice 
fed a LF-HPP diet, the invasive species B. uniformis 
and B. vulgatus were significantly and positively 
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correlated with increased cecal propionate levels 
in Ln-Ln, Ob‘, and Ln“ animals compared 
with Ob-Ob controls. 

Obesity-related insulin resistance has been as- 
sociated with broad-scale accumulation of acyl- 
carnitines in skeletal muscle (46, 47). Maneuvers 
that resolve the acylcarnitine accumulation in 
muscle, including knockout of the malonylCoA 
decarboxylase gene (M/ycd) or overexpression of 
carnitine acyltransferase (Crat), also resolve the 
insulin-resistance phenotype in mice (47, 48). 
Therefore, we used targeted MS/MS to measure 
60 acylcarnitine species (C2 to C22) in liver, 
skeletal muscle, and serum (table S15, A to C). 
With the LF-HPP mouse chow (4% fat by weight), 
Ob-Ob animals had significantly higher levels 
of hepatic short-chain acylcarnitines (C2, C4:C41, 
and C4-OH) compared with Ln-Ln mice (fig. S16; 
two-way ANOVA after Holm-Sidak’s correction). 
The differences in short-chain acylcarnitines were 
rescued in Ob™ animals, which resembled Ln-Ln 
controls (7 = 5 animals per treatment group). 

Ob-Ob controls fed the LoSF-HiFV diet (33% 
fat by weight) also had clear increases in accumu- 
lation of a group of even-, long-chain acylcaritines 
(C14, C14:1, C16, C16:1, C18, C18:1, and C18:2) 
in their liver and skeletal muscle compared with 
Ln-Ln controls [multivariate ANOVA (MANOVA), 
P< 0.001; n = 3 to 6 animals per treatment group]. 
Cohousing Ln and Ob animals rescued this meta- 
bolic phenotype in the skeletal muscle and liver 
(and cecum) of Ob“ mice (i.e., there was no sta- 
tistically significant difference compared with Ln- 
Lncontrols) (Fig. 6, fig. S16, and table S15). There 
were no significant differences in accumulation of 
these acylcarnitines in the plasma of Ob-Ob, Ln- 
Ln, and cohoused animals (table S15, B and C). 
Together, these results suggest that the gut micro- 
biome influences systemic lipid metabolism. 

Because these findings raised the possibility 
that the Ob microbiome is capable of conferring 
muscle insulin resistance at least in the context ofa 
human (LoSF-HiFV) diet, we subjected Ob-Ob 
and Ln-Ln animals to a glucose tolerance test 
15 days after colonization with their human do- 
nor’s gut culture collections. An increase in serum 
glucose concentration was observed 15 min after 
intraperitoneal injection of glucose in Ob-Ob 
animals (means + SEM: 338.5 + 11.07 mg/dl in 
Ob-Ob animals versus 304.6 + 17.78 mg/dl in Ln- 
Ln animals; P= 0.06, unpaired Student’s rtest; n= 
10 to 11 animals per group). No significant differ- 
ences in serum insulin concentrations between 
these groups were documented at 30 min after 
glucose was administered, nor did we observe 
significant differences in insulin signaling in liver 
and skeletal muscle, defined by levels of immu- 
noreactive Akt phosphorylated at Thr*”* and the 
Akt substrate AS160 phosphorylated at Thr®* 
measured 3 min after an insulin bolus (23). We 
concluded that the elevation in skeletal muscle 
long-chain acylcarnitines observed in mice colo- 
nized forjust 15 days with an Ob culture collection 
and consuming the LoSF-HiF'V diet is associated 
with mild glucose intolerance and may be an early 
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manifestation of the pathobiologic effects of obese 
microbiota on host physiology and metabolism. 
More complete time-course studies will be re- 
quired to test if this lesion in glucose homeostasis 
will evolve into full-fledged insulin resistance with 
longer exposure to Ob microbiota. 

To determine whether the effects exerted by 
diet on the invasive potential of members from the 
Ln microbiota were specific to the culture 
collections prepared from members of discordant 
twin pair 1 orrobust to other Ln co-twin microbiota, 
we fed the LoSF-HiF'V diet to mice colonized with 
intact uncultured fecal microbiota from members of 
discordant twin pair 2. Cohousing experiments 
performed using the same experimental design 
described above revealed invasion of the commu- 
nities of Ob“ animals by bacterial species from 
their Ln“ cage mates, most notably members of the 
Bacteroidetes (figs. S1O0D and S17A, see table S8D 
for invasion scores). 

In follow-up experiments, separate groups of 
germ-free mice colonized with intact uncultured 
microbiota from discordant twin-pair 2 were fed 
a second NHANES-based diet made with foods 
that characterize U.S. diets representing the 
upper, rather than lower, tertile of consumption 
of saturated fats and the lower, rather than upper, 
tertile of consumption of fruits and vegetables 
(abbreviated HiSF-LoFV; 44% fat by weight). 
Significant differences in body composition 
were documented between Ob-Ob and Ln-Ln 
mice fed this diet. However, cohousing of Ln 
and Ob mice failed to attenuate or block de- 
velopment of an increased body mass phenotype 
in Ob“ cage mates (n=5 to 11 animals per housing 
configuration) (Fig. 4, D and E). Remarkably, 
there was a lack of significant invasion of mem- 
bers of the Ln“ microbiota into the guts of Ob™ 
cage mates (figs. SIOE and S17B and table S8E). 
If biased fecal pellet consumption was the un- 
derlying mechanism leading to invasion of mem- 
bers of the Ln microbiota into the guts of Ob* 
mice in the cohousing experiments, it would have 
to be diet- and microbiota-dependent. Together, 
these results emphasize the strong microbiota- 
by-diet interactions that underlie invasion and 
illustrate how a diet high in saturated fats and low 
in fruits and vegetables can select against human 
gut bacterial taxa associated with leanness. 


Prospectus 


The findings described above provide a start- 
ing point for future studies that systematically 
test the effects of specified diet ingredients on 
microbiota-associated body composition and 
metabolic phenotypes (e.g., components that 
when added or subtracted restore invasiveness of 
specific members of the microbiota in the context 
of the HiSF-LoFV diet). A benefit of using the 
approach described in this report is that the target 
human population embodying a phenotype of 
interest is integrated into the animal model through 
selection of gut microbiota representative of that 
population and diets representative of their pat- 
terns of food consumption. Our finding that cul- 
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ture collections generated from human microbiota 
samples can transmit donor phenotypes of inter- 
est (body composition and metabotypes) has a 
number of implications. If these derived culture 
collections can transmit a phenotype, the stage is 
set for studies designed to determine which cul- 
turable components of a given person’s gut com- 
munity are responsible. These tests can take the 
form of experiments where mice containing cul- 
ture collections from donors with different pheno- 
types are cohoused and used to determine whether 
invasion by components of one community into 
another transforms the cage mate’s phenotype and, 
correspondingly, the properties of the human 
microbial communities they harbor. Sequenced 
culture collections generated from human gut 
microbiota donors also provide an opportunity to 
model and further address basic issues such as the 
determinants of invasiveness including the mech- 
anisms by which invasion is impacted by diet 
composition, as well as the mechanisms by which 
invading components affect microbial and host 
metabolism. This issue is important for identifying 
next-generation probiotics, prebiotics, or a com- 
bination of the two (synbiotics). Moreover, the 
ability to generate a culture collection, from an 
individual—whose composition is resolved to the 
gene level, whose properties can be validated in 
preclinical models, and whose “manufacture” is 
reproducible—may provide a safer and more 
sustainable alternative to fecal transplants for 
microbiome-directed therapeutics (18, 49). 
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Decades-Long Changes 
of the Interstellar Wind 
Through Our Solar System 


P. C. Frisch,?* M. Bzowski,? G. Livadiotis,? D. J. McComas,?* E. Moebius,® H.-R. Mueller,° 
W. R. Pryor,’ N. A. Schwadron,° J. M. Sokot,? J. V. Vallerga,® J. M. Ajello? 


The journey of the Sun through the dynamically active local interstellar medium creates an 
evolving heliosphere environment. This motion drives a wind of interstellar material through the 
heliosphere that has been measured with Earth-orbiting and interplanetary spacecraft for 40 years. 
Recent results obtained by NASA's Interstellar Boundary Explorer mission during 2009—2010 
suggest that neutral interstellar atoms flow into the solar system from a different direction than 
found previously. These prior measurements represent data collected from Ulysses and other 
spacecraft during 1992—2002 and a variety of older measurements acquired during 1972-1978. 
Consideration of all data types and their published results and uncertainties, over the three 
epochs of observations, indicates that the trend for the interstellar flow ecliptic longitude 

to increase linearly with time is statistically significant. 


eutral interstellar gas, originating in the 
Ne Interstellar Cloud (LIC) now sur- 

rounding the heliosphere (/), creates a 
wind through the heliosphere that traces the LIC 
velocity and temperature. During the 40 years 
over which spacecraft have measured the di- 
rection of the neutral interstellar wind, the rel- 
ative Sun-LIC velocity of 23.2 +0.3 kms | (2) 
has carried the Sun over 1% of the distance to 
the LIC edge (/) and has carried a column of 
interstellar dust and neutral gas past Earth that 
is 200 astronomical units (AU) long (2-4). Tur- 
bulence in interstellar plasma is found over 12 
orders of magnitude in spatial scale (5, 6), so 
that comparisons between the wind measurements 
obtained from NASA's Interstellar Boundary 
Explorer (IBEX) and older data can be used to 
look for temporal variations in the neutral inter- 
stellar wind. 

Most recently, the IBEX mission (7) has mea- 
sured neutral atoms in the interstellar wind. The 
interstellar neutral helium (He°) wind velocity 
and temperature are obtained from in situ IBEX 
data collected during 2009-2011 (2-4) and from 
the in situ data collected during the 1990s with 
the Ulysses spacecraft (8). The He wind veloc- 
ity vector obtained from IBEX versus Ulysses 
data differs by 3.6° + 0.7° in direction and 3.1 + 
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0.5 km s | in speed; the main directional dif- 
ference occurs in the ecliptic longitude of the 
He°® flow direction (table S1). The difference be- 
tween the IBEX and Ulysses measurements mo- 
tivates a search for past temporal variations in 
the interstellar wind direction. 

He is the most useful diagnostic of the inter- 
stellar wind because it is abundant and is only 
minimally affected by processes in the outer he- 
liosheath, including effects of the interstellar mag- 
netic field. Interstellar He® atoms follow ballistic 
trajectories from the heliopause to the inner helio- 
sphere. Neutral He is depleted by ionization on the 
upwind side; on the downwind side it is concen- 
trated by gravity into a focusing cone that follows 
the Sun as it moves through the LIC (supplemen- 
tary text S1) 

We used three types of historical data on the 
ecliptic longitude of the interstellar wind direc- 
tion (Fig. 1 and table S1) to evaluate possible 
temporal variations: (i) direct in situ sampling of 
neutral interstellar He atoms (2, 8); (ii) resonant 
scattering of solar 584 A emission off of the 
spatial interstellar He® distribution along the ob- 
servation line of sight (9—/4); and (iii) sampling 
the spatial He°, Ne®, and O° distributions inside 
of 1 AU through their production of pickup ions 
(15-17). Direct neutral atom imaging provides 
the full kinematic interstellar flow distribution 
in the inner heliosphere, taking advantage of the 
Sun's gravitational deflection of the flow to de- 
duce the flow vector at infinity. Resonant scatter- 
ing and pickup ion observations sense the spatial 
distribution of the interstellar gas in the inner he- 
liosphere, as shaped by the combination of grav- 
itational deflection and ionization loss, largely 
symmetric about the inflow axis. The 584 A ob- 
servations provide the line-of-sight integral for 
atoms with radial velocities sufficiently small 
to be influenced by variations in the solar 584 A 


emission line (supplementary text S2). Through 
pickup of newly ionized He atoms by the inter- 
planetary magnetic field (IMF) and convection 
with the solar wind, the latter method maps the 
radial distribution inside the observer location 
into a pickup ion energy spectrum, affected by 
temporal variations of the solar wind and IMF 
(78). Less useful measurements that are not used 
here include the resonant fluorescence of solar 
H® Lya (912 A) emission off of interstellar H®, 
which is strongly sensitive to the phase of the 
solar cycle and the deflection of H® in the outer 
heliosheath; and the interstellar wind direc- 
tion obtained from interstellar dust grains that 
couple to the time-variable solar wind magnetic 
field by the Lorentz force and, for smaller grains, 
respond to radiation pressure (supplementary 
text S3). 

In order to compare the recent flow longi- 
tude found from the IBEX measurements with 
other values, we used the allowed longitude range 
that is independent of the fits to velocity and tem- 
perature, 76° to 82° [fig. 1 in (2)]. The extremes of 
this longitude range imply temperatures that are 
inconsistent with both IBEX and Ulysses cloud 
temperatures. We further narrowed the tempera- 
ture range by using the LIC temperature obtained 
from measurements of interstellar gas toward 
the nearby star Sirius (supplementary text S4), 
in combination with the temperature-longitude 
relation as deduced from IBEX observations (2), 
to impose limits of A = 80.0° (+2.0°, —1.0°) on the 
IBEX flow longitude. 

Ulysses obtained in situ flow measurements 
over three time intervals during the years 1990— 
2002, and outside the ecliptic plane and thus far- 
ther from the Sun than IBEX and with reduced 
gravitational deflection of the He® trajectories. 
We used the He® flow directions for each time in- 
terval (table S1) rather than the best He® flow 
direction derived from 12 years of combined data, 
75.4° + 0.5° (8). 

The first measurements of the interstellar 
He® wind direction occurred in the 1970s and de- 
tected resonantly scattered solar 584 A emission 
fluorescence from interstellar He° using data from 
Space Test Program 72-1 (STP 72-1) (9), Mariner 
10 (0, 11), SOLRAD 11B (/2), and Prognoz 6 
(13) (table S1 and supplementary text S2). Look- 
ing at the 1970s subset of data and summing 
uncertainties quadratically, we find that the av- 
erage ecliptic longitude of the interstellar wind, 
734° + 1.3°, differs by ~0.9o from the interstel- 
lar wind longitude obtained from 584 A mea- 
surements by the Extreme Ultraviolet Explorer 
(EUVE, table S1). 

An obvious question is whether differences 
in modeling of the He® trajectories could explain 
the low values for the 1970s longitudes. The only 
early analysis that used a complete thermal ("hot") 
model for the interaction of the interstellar gas 
with the heliosphere was applied to the SOLRAD 
11B data (/2). This analysis yielded a flow longi- 
tude of 73.6° + 3°, which differs from the IBEX 


SCIENCE www.sciencemag.org 


value by 20 if the Sirius temperature constraints 
(supplementary text S4) are applied. 

The symmetry axis of the gravitational fo- 
cusing cone was derived from data collected by 
the Advanced Composition Explorer (ACE) dur- 
ing five crossings during 1998-2002 (/5) and 
two crossings during 2006-2009 (/7). During 
2007-2009, MESSENGER made four passages 
through the gravitational focusing cone inside of 
0.6 AU (17). 

Pronounced temporal variations are found 
for the focusing cone geometry in He, Ne, and O 
pickup ion data acquired by the Solar Terrestrial 
Relations Observatory [STEREO (/6)] during 
four orbits in 2007-2010. These ions trace abun- 
dant interstellar species that are partially neutral 
in the LIC (/). STEREO detected a broad upwind 
“crescent” in the He, Ne, and O pickup ions, 
where the observed rates maximize in the up- 
wind direction and fall off symmetrically toward 
the sidewind directions because of ionization. 
STEREO also measured He and Ne in the focus- 
ing cone. Because of variations in the focusing 
cone count rates, STEREO data were analyzed 
using two methods. Analogous to the ACE anal- 


ysis (15), the data were summed over all orbits 
in the first method and the sum was fit with a 
Gaussian to find the symmetry axis. The second 
method corrected for solar wind and IMF var- 
iations, mostly due to corotating interacting re- 
gions, by taking these effects into account when 
folding pickup spectra through the instrument 
response and before averaging over all four 
orbits. Compared with the simpler method 1, the 
focusing cone axis was found to be at a larger 
longitude by +2.4 °, with part of the shift due to 
the response function of the instrument (method 
2 directions are listed in table S1). This differ- 
ence suggests that systematic uncertainties in 
the average focusing cone axis obtained from 
the 1997-2002 ACE data (table S1) may have 
been underestimated. 

These data (table S1) on the interstellar He 
flow direction, which represent three measure- 
ment techniques, 19 independent measurements, 
and data collected with 11 spacecraft over three 
epochs starting in 1972, show an increase of the 
flow longitude with time. Although the trend is 
weak for each data group alone, it appears inde- 
pendently in the He°® 584 A fluorescence data, 


@ Insitu data 

@ 584A fluoresence 
@ PUI focusing cone 
™@ PUI crescent 


Ecliptic Longitude of Wind (J2000) 


1970 1980 
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Fig. 1. Historical variations of the ecliptic longitude of the interstellar wind direction. PUI, 
pickup ions. Measurements of the interstellar wind longitude are plotted against the time span over 
which the data were acquired. The historical data (table S1) are based on observations of the He® 584 A 
backscattered emission (black), in situ He° measurements (red), and pickup ion data showing the 
focusing cone (gray-blue) and upwind crescent (light green). All data are plotted with dots, except for 
the crescent data, which are plotted with squares. The black long-dashed line shows a statistically likely 
fit to a simple model in which the flow longitude increases linearly with time, calculated by considering 
the longitude uncertainties and window of time of the observations; the green shading shows the 
uncertainties on this fit (supplementary text S5). The purple short-dashed line shows a statistical fit to a 
model with linearly increasing flow longitudes, where only the longitude uncertainties are included; the 
two vertical purple short-dashed lines show the uncertainties at each end of the time interval under 
consideration (supplementary text $5). The black horizontal dash-dotted line shows the fit resulting 
from the statistically unlikely assumption that the flow longitude has been constant over time and 
uncertainties on that fit (vertical black dash-dotted line). For clarity, some of the STEREO and Prognoz 6 
data points are plotted using small shifts in the year of observation. The temporal interval over which 
some data were acquired is smaller than the plotted symbols. 
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in situ measurements, and pickup ion measure- 
ments of the focusing cone symmetry. Compar- 
ing results from the three different types of 
observations collected during the 1990s yields 
similar He flow directions (/8). ACE measure- 
ments at different times (/5, 17) yield a statis- 
tically significant increase of the flow longitude 
of 2.6° + 1.6° over a 10-year period. The sig- 
nificance of this trend depends on the measure- 
ment uncertainties of individual data sets, which 
are taken from the original publications (table 
S1 and supplementary text S2). 

Consideration of all data types over the three 
epochs of observations indicates a statistically 
significant trend for the interstellar flow ecliptic 
longitude to increase with time, provided that the 
uncertainties are realistic. For normally distrib- 
uted uncertainties, the best-fitting linear model 
of the flow longitude is A(deg) = 70.6 (+1.6) + 
0.17 (+0.06) X t19705 where to70 is the elapsed 
time in years since 1970. This hypothesis is sta- 
tistically highly likely, with a reduced x” of 0.97 
and a P value of 0.49 (where a P value of > 0.05 
is likely; see the explanation in supplementary 
text S5). The alternate hypothesis that the flow 
direction has remained constant over the past 
40 years is rejected with a P value of 0.031 and 
a reduced x? of 1.71. It is possible that some of 
the uncertainties on the pre-2000 data were un- 
derestimated; thus we repeated the statistical 
analysis by scaling the uncertainties for all 20""- 
century data by a factor s. When the pre-2000 
uncertainties were scaled according to s > 1.77, 
the hypothesis of a constant (invariant) flow lon- 
gitude is more likely. When the pre-2000 uncer- 
tainties were scaled according to 0.47 < s < 1.77, 
the hypothesis of a linearly increasing longitude 
is more likely. Thus, for the choice between the 
hypotheses that the longitude of the interstellar 
wind has either stayed constant over the past 
40 years or increased linearly over the past 
40 years, the latter choice is statistically more 
likely. The statistical model with normally distrib- 
uted uncertainties suggests a variation of the He 
flow direction over the past 40 years of 6.8° + 
2.4°. The data and the statistical tests show that 
a single constant value of the flow longitude is 
statistically highly unlikely, with a linear increase 
being far more probable. However, these tests are 
not adequate to determine whether this temporal 
variation is actually either linear or some more 
nonlinear function (supplementary text S5). 

The direction of the interstellar magnetic field 
shaping the heliosphere has been determined from 
the Ribbon of energetic neutral atoms detected 
by IBEX (7). The Ribbon forms where sightlines 
are perpendicular to the interstellar magnetic field 
draping over the heliosphere, and the field direc- 
tion is given by the center of the Ribbon arc lo- 
cated at 1,8 = 221°, 39°. If the LIC gas and 
magnetic field direction are decoupled over spa- 
tial scales of 200 AU and less, so that the field 
direction has remained unchanged over the past 
40 years, a ~6.8° shift of the He® flow direction 
between the 1970s and 2011 has increased the 
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angle between the gas velocity and magnetic field 
direction from 41.5° to the present 48.3°. 

Temporal variations in the He flow direc- 
tion have implications for the outer heliosphere 
and for the LIC. The 200-AU length of the col- 
umn of interstellar gas passing over the Sun 
during 40 years is comparable to the collisional 
scale length in the LIC [<300 AU (6)] and to the 
thickness of the heliosphere bow wave (/9). 
The ~6.8° azimuthal shift corresponds to 24 AU 
at 200 AU. If this shift in the flow angle is due 
to nonthermal turbulent motions in an inter- 
stellar eddy, the angular scale of this eddy, 5A, 
for bulk flow velocity Viu,, (2) and turbulent 
velocity bi» (Supplementary text S4) would be 
OA ~ 2 burb/Voux ~ 8°, which is comparable to 
the observed shift. 

There is no obvious bias in the data that would 
explain the longitude trend shown in Fig. 1, al- 
though possibly some uncertainties were under- 
estimated. The variation in the interstellar wind 
longitude indicated by these historical data may 


be evidence for variations in the galactic environ- 
ment of the solar system. 
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Radio Jets Clearing the Way Through 
a Galaxy: Watching Feedback 


in Action 


Raffaella Morganti,”’2* Judit Fogasy,? Zsolt Paragi,* Tom Oosterloo,”* Monica Orienti> 


The energy released by an active galactic nucleus (AGN) has a strong impact on the surrounding 
interstellar medium (ISM). This feedback is considered to be the regulating factor for the growth 

of the central massive black hole and for the rate of star formation in a galaxy. We have located, 
using very-long-baseline interferometry, the fast outflow of neutral hydrogen in the young, 
restarted radio-loud AGN 4C12.50. The outflow is located 100 parsec from the nucleus where the 
radio jet interacts with the ISM, as well as around the associated radio lobe. These observations 
show that the radio plasma drives the outflow and removes gas from the central regions and that 
jet-driven outflows can play a relevant role in feedback mechanisms. 


energetic feedback effects due to activity 

in the galaxy’s nucleus has been put, in 
recent years, on more solid grounds thanks to the 
discovery of massive gas outflows in a growing 
number of galaxies with an active galactic nucleus 
(AGN). Many questions are still open, however— 
in particular, regarding the nature of the driving 
mechanism of these outflows [e.g., (7, 2)]. An- 
swering these questions is important because it 
has implications for how ubiquitous the AGN- 
related feedback is, whether it is connected to 


T=: important role for galaxy evolution of 
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specific phases in the life of an AGN, and whether 
it is a recurrent phenomenon. One of the best ways 
to answer these questions is to identify the location 
of the outflowing gas and to image its distribution 
and kinematics. So far, this has not been achieved 
given the parsec-scale spatial resolution required 
to resolve the gas outflow. 

The kinetic push of radio jets is often con- 
sidered a possible mechanism for driving a gas 
outflow because of the high efficiency with which 
jets can transfer energy to the interstellar medium 
(ISM). However, their narrow opening angle is 
often used as an argument that their impact can- 
not be very high because a narrow jet would affect 
only a small part of the ISM. Yet, recent numerical 
simulations (3, 4) have shown that a radio jet, 
especially when the radio source is in an initial 
phase and surrounded by a porous, clumpy me- 
dium, may be able to efficiently clear up the gas 
in which it is enshrouded. This is because a large 
cocoon of disturbed and outflowing gas is created 
around the jet by the interaction of the radio 


plasma, thus affecting a much larger region of 
the galaxy. 

We have imaged, on parsec scales, the distri- 
bution and kinematics of the fast outflowing com- 
ponent of the neutral hydrogen in 4C12.50, one 
of the best-known ultraluminous infrared galaxies 
(ULIRGs) that hosts a young—trecently restarted— 
radio-loud AGN. Galaxies like 4C12.50 are par- 
ticularly relevant because they are considered to 
be the link between ULIRGs and AGNs (5); hence, 
they represent a particularly interesting phase in 
the evolution of a galaxy. The intriguing and fas- 
cinating characteristic of 4C 12.50 is the presence 
of fast outflows not only of ionized gas (6, 7), but 
also of cold gas—in particular, atomic hydrogen 
(HD and molecular gas (CO). An HI outflow of 
~1000 km s/ has been previously detected (8) 
that was later found (9) to have a markedly sim- 
ilar counterpart of molecular gas [CO(1-0) and 
(3-2)] (Fig. 1). These gaseous components have 
been interpreted as being part of the same fast 
outflow of cold gas. 

In 4C12.50, all the possible mechanisms that 
could drive fast gas outflows are potentially present 
(70): starburst wind (connected to the relatively 
young stellar population), radiative AGN wind- 
driven outflows (connected to the bright optical 
AGN with high-ionization gas), and a powerful 
radio source. The presence of a particularly strong 
interaction between the radio jet and the ISM 
has been suggested by the presence of a hot spot 
with a very high fractional polarization (60%) at 
the end of the radio jet (77). Although the starburst 
wind has been ruled out as driving the outflow 
(/0), the other possibilities remain. To locate the 
outflowing gas, we have performed observations 
with milliarcsecond (mas) angular resolution, using 
very-long-baseline interferometry (VLBI). 

The observations were performed using a global 
VLBI network, including the Very Long Baseline 
Array (VLBA), one antenna of the Very Large 
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Fig. 1. The distribution of the HI in two velocity channels showing the 
location of the two clouds of HI detected in absorption (orange-white) 
superimposed on the continuum of 4C€12.50 (contours). The integrated 
HI absorption profile is shown in the middle superimposed on the CO profile 
[taken from (9) with the HI from (8) and inverted for comparison]. The northern HI 
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cloud is at the systemic velocity (12) whereas the southern one is blueshifted 
~1000 km/s relative to the systemic velocity. The location of the southern un- 
resolved cloud producing the blueshifted HI absorption is cospatial (in projection) with 
the bright radio hot spot. A diffuse HI component is also observed. [Credit: Dasyra 
and Combes (9); reproduced with permission The European Southern Observatory] 
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Fig. 2. Radio continuum images of 4C€12.50 illustrating the morphology of the radio jet. (A) The 
continuum image derived from our VLBI data using the line-free channels. The red dot indicates the 
location of the radio core. The contour levels are 0.0003 x (—1, 1, 2, 4, 8, 16, 32, 64, 128, 256, 512, 
1024) Jy per beam with a peak brightness of 0.417 Jy per beam. (B) Continuum image taken from a 
previous, higher—spatial resolution study (12). The bent structure of the jet and the terminal hot spot in 
the southern lobe are clearly seen. This hot spot is characterized by an extremely high (~60%) frac- 
tional polarization (11). The two images are displayed on approximately the same scale. [Reproduced by 


permission of the American Astronomical Society] 


Array (VLA), and three European VLBI Network 
(EVN) telescopes (Effelsberg, Westerbork, and 
Onsala). The central frequency, corresponding to the 
frequency of the redshifted HI, was set at 1266 MHz. 
These observations expand on the results obtained 
previously (/2), which were limited by the width of 
the observing band. We have used a broader ob- 
serving band (16 MHz, covering gas with kinematics 
deviating more than 1500 km/s from the systemic 
velocity) and a longer integration time (14 hours). 
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The angular resolution ranges from 12 x 4 mas 
[position angle (PA) of 12°] for the naturally 
weighted images and cubes, to 8 x 5 mas (PA 2°) 
for the full-resolution images. They correspond, 
at the redshift of 4C12.50 z=0.1217, to 32 x 11 pe 
and 21 x 13 pc, respectively. The noise level ob- 
tained is 0.65 and 0.90 mJy per beam per chan- 
nel, respectively, for the different weightings, after 
Hanning smoothing. A continuum image was also 
obtained using the line-free channels (Fig. 2). 


We detected the two HI absorption features 
previously seen in lower-resolution observations 
(8) and imaged them at parsec-scale resolution 
(Fig. 1). The outflowing component (~1000 km s 
blueshifted from the systemic velocity) is seen at 
the end of the distorted southern jet. This HI 
component appears to consist of a compact cloud 
(unresolved even by our high-resolution images) 
and a diffuse, tail-like structure. The compact cloud 
is seen—in projection—to be cospatial with the 
hot spot observed in radio continuum (//). The 
faint and diffuse component extends at least 
~50 pe around and in front of the southern lobe 
(Fig. 1). This can be considered a lower limit to 
the actual extent due to the sensitivity limitations 
of the observations. Indeed, the profile from the 
naturally weighted image integrated over the south- 
ern lobe shows that we recover most of the HI 
absorption detected with the Westerbork Synthesis 
Radio Telescope (WSRT) (Fig. 3). The deeper HI 
absorption feature at the systemic velocity detected 
earlier (12) is confirmed by our observations to 
correspond to a cloud north of the nucleus (Fig. 1). 

We have estimated the column density and the 
HI mass associated with the two clouds. In the 
southern part, the unresolved cloud has a column 
density of Nu = 4.6 x 107! cm? [assuming the 
spin temperature (Zipin) = 100 K]. The derived 
mass of the cloud is My; = 600 solar masses 
(Mo); if we include the extended part, it reaches 
My =1.6 x 10* Mo. The assumed value of Tepin 
likely represents a lower limit because the actual 
spin temperature, under the extreme conditions 
close to the AGN, may be at least a factor of 10 
larger (6, 13). This implies that the mass of the 
cloud, as well, could be much higher. A recent 
study (9) suggests that the outflow carries an 
estimated cold H» mass of at least 4.2 x 10° Mo. 

The larger HI cloud located in the northern 
part of the radio source is known to have an ex- 
tremely high optical depth (t = 0.6) (12). This is 
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confirmed by our observations. The column den- 
sity that we derived reaches Nyy = 4.4 x 107 cm 
(again, assuming the conservative value of Tyyin = 
100 K), and the corresponding mass of the cloud 
is 1.4 x 10° Mo, which is slightly higher than 
previously derived (/2). Indeed, for this cloud, 
the broader band used in our observations has 
helped in recovering part of the HI that was missed 
before (in particular, a broad, blueshifted wing). 
The cloud appears clearly resolved, and we de- 
rived a size of 50 x 80 pc. This represents a lower 
limit because the cloud could be more extended, 
outside the region covered by the radio continuum, 
where the HI cannot be traced in absorption. 
For a number of radio sources, it has been 
proposed that the radio jet is responsible for the 
fast gas outflows. For 4C12.50, we could pin- 
point the location of the outflow gas and recover 
the distribution of the cold gas associated with 
the most blueshifted HI absorption in relation to 
the radio jet. The extreme kinematics, together 
with the location (in projection) of the HI, sug- 
gests that we are indeed witnessing gas being 
expelled from the galaxy at a (projected) speed 
of 1000 km/s as a result of the interaction be- 
tween the radio jet and a dense cloud in the 
ISM. The presence of such a strong interaction 
between the radio jet and the ISM had already 
been proposed for 4C12.50 following the study 
of the warm, ionized gas (6, 7). The emission 
lines show a complex structure with prominent 
blueshifted wings that have been interpreted as 
gas disturbed by the interaction with the radio 
plasma. However, the high spatial resolution of 
our data allowed us to study this in more detail. 
The marked similarity of the blueshifted HI 
and CO absorption profiles points to a similarity 
in the distribution and kinematics of the gas in 
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these two phases. In the context of jet-ISM in- 
teractions, this would suggest that relatively dense 
clouds are present in the medium that do not get 
fully destroyed by such an interaction. The av- 
erage densities derived for the compact clouds 
that we observed range between 150 and 300 cm °. 
These values are similar to those for the clouds in 
numerical simulations where a jet drives the lat- 
eral expansion of the medium around the jet, which, 
in turn, markedly affects the ISM of the host galaxy 
(3, 4). Thus, in 4C12.50, we may be witnessing this 
process in action. 

The cold gas in the compact cloud may rep- 
resent the core of an originally larger cloud that is 
encountered by the jet. The extended, diffuse trail 
observed against and around the radio lobe would 
instead represent the expanding medium dispersed 
after the interaction. Because of the similarity 
between the HI and CO blueshifted absorption 
profiles, we suggest that the two phases of the 
gas come from the same structure, with the HI 
likely an intermediate phase in the cooling pro- 
cess and the CO (Hz) the final stage. This gas 
must have undergone rapid cooling to be ob- 
served both in its HI and molecular phase. By 
following previous models (/4), we found the 
cooling time for the southern cloud in 4C12.50, 
using the densities and velocities from our data, 
to be on the order of 10* years. Such a time scale 
is comparable to the age of the radio source, sug- 
gesting that the gas has indeed time to cool during 
the process of being expelled from the central re- 
gions of the galaxy. 

An interaction between the radio jet and a 
clumpy medium surrounding the jet was also spec- 
ulated to explain the region of extremely high po- 
larization, ranging up to 60% (//). The colocation 
of this region with extremely high fractional po- 
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Fig. 3. Comparison of the HI absorption profiles from low- and high-resolution observations. 
The dashed profile represents the HI absorption from the WSRT observations (8) and is shown super- 
imposed on the integrated profile from the VLBI observations presented here (in black). 


6 SEPTEMBER 2013 VOL 341 


larization with the HI blueshifted cloud supports 
the suggestion that this feature is a termination 
shock or “‘working surface” where the jet en- 
counters the ISM and rapidly decelerates. The high 
fractional polarization would result from the 
compression of a gas cloud and associated am- 
plification of the magnetic field at that location. 

The amount of energy in the outflow, as a 
fraction of the accretion energy of the AGN, is an 
important parameter for judging the relevance of 
the outflow. By combining the HI and optical re- 
sults, it was found that the total observed outflow 
is between 16 and 29 Mo/year, which would 
account for 0.2 to 0.3% of the available accre- 
tion energy (7). This contrasts with the require- 
ments of most quasar feedback models (5 to 10% 
of the Eddington luminosity) but is similar to what 
is required in the “two phase” model proposed by 
(/). The morphology of the faint, diffuse gas seen 
in absorption in 4C12.50 is similar to that predicted 
by this model and suggests that we may indeed be 
witnessing the stretching and deformation of the 
ISM clouds required by (/) in order to increase 
the effective cross section of the interaction. 

The detection of an extended (total size 
~150 kpc), low—surface brightness radio structure 
around 4C12.50 (/5), likely the signature of a 
previous cycle of activity, suggests that the feed- 
back of the radio jets on the ISM may be a re- 
peating effect in the life of this galaxy. Indeed, 
most of the other radio sources known to have 
fast outflows are—like 4C12.50—young or re- 
started radio sources. This would underline the 
role of radio jets in feedback mechanisms be- 
cause it implies that this type of feedback can 
act more than once in the life of a galaxy and 
therefore is even more relevant in its evolution. 
It could be that the stronger impact of the radio 
plasma occurs in the initial, young phase of the 
radio jet, where the young radio source clears up the 
central regions (see, e.g., the case of PKS1549- 
79) (16), and that at a later stage, the radio-loud 
activity corresponding with the 10- to 100-kpc- 
size radio jet provides a “maintenance” mode, 
with energy deposited at larger radii in the sur- 
rounding hot halo of the galaxy, providing a 
mechanism to prevent the gas in these halos from 
cooling (17). 
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Enhanced Seasonal Exchange of CO, 
by Northern Ecosystems Since 1960 


H. D. Graven,’* R. F. Keeling,’ S. C. Piper,” P. K. Patra,” B. B. Stephens,° S. C. Wofsy,’ 
L. R. Welp,* C. Sweeney,” P. P. Tans,° J. J. Kelley, B. C. Daube,* E. A. Kort,’t 
G. W. 


Santoni,’ J. D. Bent? 


Seasonal variations of atmospheric carbon dioxide (CO2) in the Northern Hemisphere have 
increased since the 1950s, but sparse observations have prevented a clear assessment of the 
patterns of long-term change and the underlying mechanisms. We compare recent aircraft-based 
observations of CO above the North Pacific and Arctic Oceans to earlier data from 1958 to 
1961 and find that the seasonal amplitude at altitudes of 3 to 6 km increased by 50% for 45° 
to 90°N but by less than 25% for 10° to 45°N. An increase of 30 to 60% in the seasonal exchange 
of CO by northern extratropical land ecosystems, focused on boreal forests, is implicated, 
substantially more than simulated by current land ecosystem models. The observations appear 

to signal large ecological changes in northern forests and a major shift in the global 


carbon cycle. 


bservations of atmospheric CO, concen- 
()= from the longest-running North- 

em Hemisphere records at Mauna Loa, 
Hawaii (MLO, 20°N) and Barrow, Alaska 
(BRW, 71°N) show increasing trends in seasonal 
amplitude (Fig. 1) (/—-4). Shorter records from 
other ground-based sites in the Northern Hemi- 
sphere also show increasing trends in amplitude, 
with the largest changes at high latitudes (5), but 
the long-term change and especially its spatial 
pattern have not been well characterized by ex- 
isting data sets because only MLO and BRW 
have records extending back to the 1950s and 
1960s (6-9). The two sites show similar trends 
in the timing of CO drawdown, advancing by 
roughly 1 week, but differing trends in ampli- 
tude: The amplitude at MLO increased by 15 + 
5% over the past 50 years, while the amplitude 
at BRW increased by at least twice as much 
(Fig. 1). The best estimate for BRW is a 35% 
increase in amplitude, with a range of 30 to 49%, 
including uncertainty from changes in measure- 
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ment site location, sampling inlet height, and 
local vegetation effects (/0, 1/). 

Here, we present seasonal CO, cycles ob- 
served by the recent High-Performance Instru- 
mented Airborne Platform for Environmental 
Research (HIAPER) Pole-to-Pole Observations 
(HIPPO) large-scale aircraft campaign (/2) and 
regular aircraft profiles over several fixed sites by 
the National Oceanic and Atmospheric Admin- 
istration (NOAA) Carbon Cycle Group Aircraft 
Program from 2009 to 2011 and compare them to 
observations made 50 years earlier during the 
International Geophysical Year (IGY) (/3). The 
IGY observations were obtained by 160 weather 
reconnaissance flights above the North Pacific 
and Arctic Oceans from 1958 to 1961 along 500 
and 700 millibar (mb) pressure surfaces (~6 and 
3 km altitude). To assess changes in seasonal 
CO, amplitude over time, we examine HIPPO and 
NOAA data over the same regions and pressure 
surfaces as the IGY data (/4). The comparison re- 
veals a strikingly large (~50%) amplitude increase 
north of 45°N, indicating that major ecological 
changes must have occurred in northern land eco- 
systems over the past 50 years. 

We calculate an amplitude gain factor for the 
1958 to 1961 and 2009 to 2011 observations in 
10° latitude bands at 500 and 700 mb after de- 
trending the data by subtracting the observed 
deseasonalized trend at MLO and after specifying 
the shape of the seasonal cycle in each pressure 
and latitude band using fits to the NOAA aircraft 
data, which have higher temporal resolution than 
the HIPPO and IGY data (/4). This method does 


not allow for the detection of changes in phase, 
which in any case are not clearly resolvable in the 
data (/4), but shifts of up to 7 days as observed at 
MLO and BRW do not significantly affect the 
calculation of amplitude (/). 

An increase in amplitude at least as large as 
that detected at Barrow is found over a wide range 
of pressures and at all latitudes north of 45°N 
(Fig. 2). The change in seasonal CO, amplitude 
north of 45°N is about +5 parts per million (ppm) 
at all pressures, representing a 57 + 7% increase 
at 500 mb since 1958 to 1961 (Figs. 2 and 3) 
(~0.9 + 0.1% year | over 50 years). The seasonal 
CO, amplitude increase is smaller between 35° and 
45°N at 500 mb, 26 + 18%, whereas there is no 
distinguishable amplitude change south of 35°N 
(Fig. 2). The same pattern appears at 700 mb, 
although the IGY data are limited to 10° to 30°N 
and 65° to 90°N at 700 mb. Low-latitude ampli- 
tude changes in the aircraft data are consistent, 
within their uncertainties, with the surface mea- 
surements from Mauna Loa at ~670 mb. 

Representativeness of the aircraft data is 
shown by the similarity between HIPPO and 
NOAA data for 2009 to 2011 (75), and between 
the IGY and independent data from 1963 to 1968 
over the North Atlantic Ocean (/6). The large 
changes in amplitude between 1958 to 1963 and 
2009 to 2011 north of 45°N (35 to 66%) sub- 
stantially exceed interannual variation at Barrow 
(+4%) (Fig. 1) and in high-latitude NOAA aircraft 
data for recent years (15%) (/5), indicating 
that the observations represent a long-term change 
rather than a short-term fluctuation. 

Fossil fuel, wildfire, and ocean fluxes of CO, 
contribute only a few percent to the seasonal CO, 
cycle in the Northern Hemisphere (5, /7, 18), lim- 
iting their impact on trends in CO2 amplitude to 
less than a few percent (/9). Because midtropo- 
spheric amplitude changes north of 45°N are at 
least as large as those at Barrow, the observations 
cannot be explained solely by trends in the in- 
tensity of vertical mixing (/9), although changes 
in transport may cause secondary effects. Model 
simulations also indicate that potential biases 
caused by uneven sampling within each latitude 
band are much smaller than the uncertainties in 
measured CO, amplitude change (/9). 

The large increase in CO, amplitude north of 
45°N must therefore be attributed almost entirely 
to the terrestrial biosphere. We now focus on 
assessing the magnitude and driving factors for 
trends in the seasonal exchange of CO, from net 
ecosystem production (NEP) by calculating op- 
timal estimates of NEP change that best match 
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the atmospheric CO, amplitude change and then 
exploring potential mechanisms with historical 
simulations of terrestrial ecosystem models. 

We begin with spatially resolved monthly esti- 
mates of NEP averaged over 2005 to 2010 that 
have been optimized using terrestrial ecosystem 
model simulations and current observations from 
the global CO, network in two atmospheric trans- 
port models, Atmospheric Chemistry Transport 
Model (ACTM) (20) and TM3 (2/). We simulate 
separate tracers in ACTM and TM3 representing 
large regions (Fig. 3C) to assess their contribu- 
tion to the seasonal CO, cycle at different tropo- 
spheric locations (Fig. 3, A and B), then we 
adjust monthly NEP for the large regions by a 
consistent fraction—that is, by changing the am- 
plitude but not the phase in order to best match 
the observed CO, amplitude changes, roughly 
centered on 155°W (Fig. 3, D to F) (22). 

Exploiting our observation that CO, ampli- 
tude changes are much larger north of 45°N, we 
optimize changes in NEP in boreal and Arctic 
regions (Case | in Fig. 3, D to F), the regions 
with stronger influence on CO, cycles at high 
latitudes compared with low latitudes (5) (Fig. 3, 
A and B). Due to isentropic transport, the sea- 
sonal cycle at 70°N and 500 mb is less sensitive to 
the Arctic than to regions farther south (Fig. 3B), 
showing that changes cannot only be occurring in 
the Arctic. The optimal uniform change in NEP 
amplitude in boreal and Arctic regions, fitting 
to CO, amplitude changes north of 45°N only, 
is an 85% [73 to 107% confidence interval (CI)] 
(23) increase. Extending NEP changes to include 
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temperate regions as well as Arctic and boreal re- 
gions results in an optimal increase of 53% (46 
to 65% Cl), assuming uniform change over these 
three regions (Case 2 in Fig. 3, D to F), or optimal 
zone-specific increases of 23% (12 to 42% CI) in 
the Arctic, 67% (57 to 87% CI) in the boreal, and 
67% (54 to 89% CI) in the temperate region 
(Case 3 in Fig. 3, D to F). 

Allowing for changes in the temperate region 
in Cases 2 and 3 improves the fit to high-latitude 
data compared to Case | while significantly de- 
creasing the change attributed to Arctic and boreal 
regions. The simulations tend to produce frac- 
tional changes in amplitude that are more uni- 
form with altitude than the observations, which 
show fractional changes in amplitude increase 
with height at high latitudes, and they tend to 
overestimate the CO, amplitude change at lower 
latitudes, which were not used in optimization. 
This may partly result from transport errors, caused 
by inaccuracies in modeled transport or unresolved 
transport changes since 1960, or from represen- 
tation errors, caused by low resolution in the at- 
mospheric transport models or in the terrestrial 
regions considered. Alternatively, the high-latitude 
effects on low-latitude CO, amplitudes may have 
been counteracted by decreasing NEP amplitudes 


in subtropical and tropical land regions. Fitting to 
all data and allowing for changes in subtropical 
and tropical NEP results in a change of -15% (-31 
to 9% Cl) in the tropics and subtropics (Case 4 in 
Fig. 3, D to F) without significantly affecting the 
optimal zone-specific NEP increases in the Arctic 
and boreal regions, though the NEP increase in the 
temperate region is reduced from Case 3. 

The observations therefore require a wide- 
spread increase in the seasonal exchange of car- 
bon in northern regions. Our analysis suggests 
that an additional 1.3 x 10'> to 2.0 x 10!° g car- 
bon (Pg C) is exchanged with the atmosphere sea- 
sonally by Arctic, boreal, and temperate ecosystems 
combined in 2009 to 2011 compared with 1958 
to 1963, an increase of 32 to 59%. This seasonal 
exchange represents the accumulation of carbon 
on land during the growing season (typically 
May to August) and the release of carbon during 
the dormant season, after subtracting annual mean 
exchange (/7). Our analysis does not distinguish 
between enhanced growing season uptake and 
enhanced dormant season release, but changes in 
these two opposing fluxes may not necessarily be 
in balance. We do find, counter to previous studies 
invoking dormant or early growing season trends 
alone (/, 24), that strong increases in CO, am- 


REPORTS 


plitude are unlikely to occur without enhanced 
uptake in the main growing season. This is be- 
cause the intense fluxes in the main growing season 
(June and July) make a much larger contribution 
to the seasonal CO, amplitude than either the dor- 
mant season (September to April) or the shoulder 
seasons (May and August), as shown by calcu- 
lations that examine contributions of the different 
seasons to the CO, cycle (25). 

Enhancement in seasonal NEP is likely to be 
greatest in boreal regions, where all four cases 
require that the NEP amplitude changed by at 
least 53%. Less definitive is the requirement for 
decreased NEP amplitude in subtropical and 
tropical regions, although this may be consistent 
with the conversion of highly productive forests 
to crop or pasture lands and increased drought 
(26-30). 

To explore potential mechanisms for chang- 
ing NEP, we examine historical simulations of a 
subset of terrestrial ecosystem models currently 
participating in the fifth phase of the Coupled 
Model Intercomparison Project (CMIPS5) (3/). 
These models include simulations of CO  fertiliza- 
tion, climate change, and land use change, as well 
as nonlinear interactions between these processes; 
some additionally include dynamic vegetation 
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Fig. 3. Regional attribution of the seasonal CO, amplitude and its change 
over 50 years. Contributions of different terrestrial regions to the seasonal cycle 
of COz at ground-based stations and at 500 mb for 20°N (A) and for 70°N (B) 
for 2009 to 2011, averaged over two atmospheric transport models, ACTM (20) 
and TM3 (21). Error bars reflect absolute differences between the two models. 
(©) Locations of the Mauna Loa and Barrow stations and the 155°W meridian, as 
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well as the terrestrial regions considered. Arctic (red); boreal (orange); temperate 
(yellow); subtropics, tropics, and Southern Hemisphere land (shades of blue). (D to 
F) Change in COz amplitude, in percentages, in the observations and in 
simulations where the amplitude in NEP was optimally scaled in different regions, 
plotted by latitude along 155°W for different pressures: (D) 500 mb aircraft data, 
(E) 700 mb aircraft data and Mauna Loa (670 mb), and (F) Barrow at sea level. 
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change, coupled nitrogen cycling, or simple crop 
modeling (32). We use the ACTM and TM3 atmo- 
spheric transport models to estimate atmospheric 
CO, amplitudes resulting from the CMIPS5 models’ 
simulated monthly NEP (Fig. 4). 

None of the CMIP5S models can account for 
the increase in CO, amplitude north of 45°N at 
500 mb between 1958 to 1961 and 2009 to 2011 
(Fig. 4). Moreover, the recent CO, amplitude 
varies strongly between models, with a range of 6 
to 19 ppm compared with the observed value of 
13.8 + 0.7 ppm. Previous studies have similarly 
shown that most terrestrial ecosystem models 
underestimate the long-term trend in CO, am- 
plitude at Mauna Loa (33) and include large er- 
rors in the seasonal amplitude of NEP at eddy 
flux sites (34). 

Simulated CO, amplitude changes from the 
CMIPS5 models are nearly proportional to their 
NEP amplitude changes in northern ecosystems 
(32), as found in our optimization (Fig. 3), im- 
plying that the models underestimate the 50-year 
changes in NEP. This underestimate is not sur- 
prising, considering that the models’ parameter- 
izations of the direct effects of rising CO, and 
temperature are informed by laboratory and field 
studies that show low response to manipulations 
of CO, and temperature. Observed enhancement 
factors (35-38) suggest that the increase in net 
primary productivity (NPP) from the observed 
50-year increases in CO, (23%) (8) and northern 
temperature (1.0°C north of 30°N) (39) should 
be no larger than 20 to 30%. Correspondingly, 
simulated increases in seasonal NPP amplitude 
are in the range 6 to 22% in the CMIP5 models, 
accompanied by higher amplitudes in hetero- 
trophic respiration in most cases (32). Indepen- 
dent of the models, an explanation for the NEP 
changes based solely on a direct physiological 


response to warming is inconsistent with two 
features of the Barrow record (Fig. 1): (i) the weak 
interannual variability but strong long-term trend, 
and (ii) the increase in amplitude from the 1960s 
to the mid-1970s, a period when northern land tem- 
peratures did not rise but cooled slightly (39, 40). 

We are led to conclude that ecological changes 
in boreal and temperate forests are driving ad- 
ditional increases in the summertime uptake of 
carbon. This inference from atmospheric data is 
qualitatively consistent with expanding evidence 
for substantial changes occurring in these eco- 
systems. Forest inventories show increased stand 
area and biomass (26, 28). Other ground-based 
studies show that evergreen shrubs and trees 
are migrating northward in response to warming 
(41-43), and that fire, logging, and other distur- 
bances (44, 45) are shifting the age composition 
toward younger, early-successional forests that 
experience shorter, more intense periods of sea- 
sonal carbon uptake (46, 47). Satellite observations 
generally show trends toward increased greenness 
in northern ecosystems (4), although many areas 
of the boreal forest show browning trends in re- 
cent decades (48, 49). The atmospheric evidence 
helps to quantify the aggregate effect of these, 
and other, types of ecological changes over the 
past 50 years. The changes are evidently under- 
represented in the CMIP5 models, including those 
that allow for dynamic vegetation (Fig. 4) and 
coupled nitrogen cycling (Community Climate 
System Model 4 and Norwegian Earth System 
Model 1-M) (50). 

The increase in seasonal CO, amplitude may 
be closely related to the net sink of CO, in north- 
ern extratropical land ecosystems that is currently 
~2 Pg C year | (28, 51-53). The relationship de- 
pends on how the sink has changed over time, 
which is not well constrained observationally but 
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is likely to have increased since 1960 (54). Assum- 
ing that the sink was ~1 Pg C year | in 1960, the 
observed 1.3 to 2.0 Pg C year ' increase in sea- 
sonal exchange over 50 years implies that growing 
season uptake increased by 40 to 60%, whereas 
dormant season release increased by only 20 to 
50%, a result similar to the model scenarios de- 
scribed by Randerson et al. (5). A northern sink 
smaller than ~1 Pg C year ' in 1960 would imply 
an even larger imbalance between growing sea- 
son and dormant season trends. 

There is no evidence that northern ecosystem 
trends are slowing down, because the largest CO 
amplitudes at Barrow have been observed in the 
past few years (Fig. 1). The inability of the CMIP5 
models to account for the observed increase in the 
amplitude of atmospheric CO indicates that they 
underestimate the widespread ecological changes 
that occurred over the past 50 years and are likely 
to underpredict future changes. 
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Expanding the Fluorine Chemistry of 
Living Systems Using Engineered 
Polyketide Synthase Pathways 
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Organofluorines represent a rapidly expanding proportion of molecules that are used in 
pharmaceuticals, diagnostics, agrochemicals, and materials. Despite the prevalence of fluorine in 
synthetic compounds, the known biological scope is limited to a single pathway that produces 
fluoroacetate. Here, we demonstrate that this pathway can be exploited as a source of fluorinated 
building blocks for introduction of fluorine into natural-product scaffolds. Specifically, we 

have constructed pathways involving two polyketide synthase systems, and we show that 
fluoroacetate can be used to incorporate fluorine into the polyketide backbone in vitro. We further 
show that fluorine can be inserted site-selectively and introduced into polyketide products 

in vivo. These results highlight the prospects for the production of complex fluorinated natural 


products using synthetic biology. 


he catalytic diversity of biological systems 
provides enormous potential for applica- 
tion of living cells to the scalable produc- 
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tion of pharmaceuticals, fuels, and materials 
(J-4). However, the scope of innovation of living 
organisms is typically limited to functions that 
confer a direct advantage for cell growth, thereby 
maximizing biomass as the end product rather 
than a distinct molecule or reaction of interest. In 
contrast, synthetic biology approaches allow us 
to disconnect some of these biochemical trans- 
formations from cell survival and reconnect them 
in different ways for the targeted synthesis of al- 
ternative classes of compounds. One particularly 
interesting area of opportunity is the development 
of methods to introduce fluorine into complex 
small-molecule scaffolds, which has become a 


powerful strategy for the design of synthetic phar- 
maceuticals. Estimates indicate that 20 to 30% of 
drugs, including many of the top sellers, contain 
at least one fluorine atom (5—7). Recent innova- 
tions have expanded the scope of synthetic C-F 
bond-forming methodologies, but the unusual ele- 
mental properties of fluorine that serve as the basis 
for its success also continue to restrict the range of 
molecular structures that can be accessed (8—1/). 
As such, the invention of alternative routes for the 
site-selective introduction of fluorine into struc- 
turally diverse molecules, particularly under mild 
conditions, remains an outstanding challenge. 

In comparison to synthetic small molecules, 
fluorine has limited distribution in naturally oc- 
curring organic compounds; the only organofluo- 
rine natural products characterized to date consist 
ofa small set of simple molecules associated with 
the fluoroacetate pathway of Streptomyces cattleya, 
a soil bacterium that has the ability to catalyze the 
formation of C-F bonds from aqueous fluoride 
(Fig. 1A) (72, 73). Although these compounds 
lack the intricacy typically expected of secondary 
metabolites, they represent a potentially rich source 
of modular organofluorine building blocks for 
the production of complex fluorinated natural pro- 
ducts. In this regard, the backbones of several large 
classes of medicinally relevant natural products— 
including polyketides, isoprenoids, steroids, alka- 
loids, eicosanoids, leukotrienes, and others—are 
biosynthesized directly from the assembly and tai- 
loring of simple acetate units (Fig. 1A). Introduc- 
tion of the fluoroacetate monomer in place of 
acetate would allow us to incorporate fluorine 
into the backbone of these targets and create new 
molecular function by combining the medicinal 
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chemistry advantages of fluorine with the struc- 
tural complexity and bioactivity of natural products. 
For example, the introduction of fluorine via 
synthetic or semisynthetic routes has enabled 
the improvement of the clinical properties of sev- 
eral natural products, but this remains challeng- 
ing to achieve (/4—/7). Although previous studies 
have shown that distal fluorine substituents can 
be accommodated in natural-product biosyn- 
thetic pathways (78, 19), access to fluoromalonyl— 
coenzyme A (CoA), a fluorinated analog of one 
of nature’s most powerful carbon nucleophiles, as 
an extender unit would enable a general meth- 
od for direct incorporation of fluorine into any 
polyketide structure. 

Many acetate-based natural products, poly- 
ketides in particular, are generated through the 
iterative condensation of activated thioesters, re- 
sulting in reactive B-keto units that condense fur- 
ther to produce a wide range of structures (20, 21) 
(Fig. 1B). The structural diversity of polyketides 
is especially notable given that the majority of 
polyketides draw on only two monomers, acetate 
and propionate, as the extender units that form 
their carbon skeletons (3, 20, 22). Although 
polyketide synthases (PKSs) have been observed 
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to be accommodating with regard to their starter 
units (23), the encoding of extender units has 
been found to be quite selective, and many cellu- 
lar acyl-CoAs are excluded from the backbone 
(22). However, progress in engineering extender- 
unit incorporation has been made by domain en- 
gineering (23—25) or incorporation via a domain 
that encodes a rare extender unit (/7, 26). Al- 
though fluoroacetate serves as a starter unit in 
nature to produce highly toxic w-fluoro fatty acids 
(Fig. 1A) (73), fluorine has never been observed 
to date within the backbone, implying that chain- 
extension reactions with the fluorinated acyl-CoA 
do not occur in these systems. The apparent in- 
ability of living systems to use fluoroacetate for 
the biosynthesis of complex small molecules prob- 
ably results in part from the extreme properties 
of fluorine that affect biological and chemical 
synthesis. For example, the pX, (where K, is the 
acid dissociation constant) of the o proton, elec- 
trophilicity of the carbonyl group, and the stability 
of the acyl-CoA and its corresponding carbanion 
are all highly affected by fluorine substitution. Fur- 
thermore, the fluoroacetyl group bears a clear 
similarity to the fluoromethylketone motif used 
for the design of covalent inhibitors, suggesting 
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that the irreversible alkylation of active-site nucleo- 
philes could also create problems (27). Thus, the 
development of a system to incorporate fluorinated 
extender units could dramatically increase the range 
of complex structures that can be accessed but 
must also address the challenges in activating the 
fluoroacetate monomer for the downstream C—C 
bond-forming chemistry involved in chain-extension 
reactions. 

Chain elongation in polyketides and related 
fatty acid-based natural products relies on a separate 
pool of extender units formed by carboxylation 
of acyl-CoAs at the o position. These malonyl- 
CoA derivatives are then used as masked enolates 
for C-C bond formation after decarboxylation. 
The fluorinated extender, fluoromalonyl-CoA, can 
be made through two routes: either (i) a two-step 
activation of the biogenic fluoroacetate or (ii) a 
direct ligation of CoA to fluoromalonate (Fig. 2). 
We reasoned that the acetate kinase (AckA)— 
phosphotransacetylase (Pta) pair would be effec- 
tive at fluoroacetate activation, as mutations in 
this gene locus have been shown to lead to fluoro- 
acetate resistance in Escherichia coli (28). The 
enzymes from E. coli were overexpressed and char- 
acterized biochemically, confirming that AckA 
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Fig. 1. Synthetic biology of fluorine. (A) The fluoroacetate pathway 
and its metabolites represent the known scope of biological fluorine 
chemistry, starting with fluoride and S-adenosylmethionine, to produce 
fluoroacetate and fluorothreonine as the end products (right to left, gray 
box). This scope could be greatly expanded by engineering downstream 
pathways to use fluoroacetate as a building block for site-selective in- 
troduction of fluorine into large families of natural products constructed 
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from acetate backbones (left to right, red box). Red dots represent po- 
sitions that could, in principle, be fluorinated by incorporation of a fluoroacetate 
monomer without altering the carbon skeleton, including locations where 
fluorine would replace a methyl group derived from propionate or where 
downstream tailoring steps have occurred on the final structure. (B) As- 
sembly of acetate units in the biosynthesis of polyketide natural products. R, 
CoA or PKS. 
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and Pta serve as an effective activation system to 
rapidly produce both acetyl- and fluoroacetyl- 
CoA in nearly quantitative yield (figs. S1 and $2). 
Analysis of the kinetic parameters for these en- 
zymes with respect to fluorinated substrates in- 
dicated that neither appears to be affected by the 
fluorine substituent beyond inductive effects that 
alter the nucleophilicity of the carboxylic acid 
(AckA) or electrophilicity of the carbonyl (Pta) 
(29). Next, we purified the individual AccABCD 
subunits that make up the acetyl-CoA carboxyl- 
ase (ACCase) from E. coli and added these en- 
zymes to the AckA-Pta system to carry out the 
carboxylation of fluoroacetate in a one-pot reaction 
to generate the fluoromalonyl-CoA extender unit 
(Fig. 2A and fig. S1). Under these conditions, the 
ligation of CoA by AckA-Pta to produce the 
acyl-CoA is rapid, and production of the carbox- 
ylated product is limited by the ACCase. Although 
the rate of conversion is 4.5 times slower for fluo- 
roacetate as compared with acetate, the overall 
extent of reaction is similar for both congeners, 
which suggests that covalent inactivation of the 
ACCase by fluoroacetyl-CoA is not important if 
it occurs. In addition to the route from fluoro- 
acetate, we also tested a malonyl-CoA synthetase 
(MatB) (30) for coupling CoA directly to fluoro- 
malonate. Although MatB exhibits a 10°-fold 
selectivity for malonate over fluoromalonate, 


fluoromalonyl-CoA is still produced at reason- 
able efficiency (Fig. 2B and figs. S3 and S4). 
Both of these systems also provide in situ re- 
generation capacity that can amplify product 
yields from polyketide synthases, and we found 
that either system increased polyketide produc- 
tion by tetrahydroxynaphthalene synthase (3/) 
compared with simple addition of malonyl-CoA 
(fig. S5). 

We next turned our attention to the use of the 
fluoromalonyl-CoA monomer for downstream 
chain-elongation reactions. To start, we exam- 
ined the behavior of a simple polyketide syn- 
thase system with regard to one cycle of chain 
extension and ketoreduction, which is a key 
functionality of larger multimodular systems 
for controlling downstream cyclization and rear- 
rangements within the polyketide backbone (Fig. 
3A) (3, 20). We constructed a synthetic gene en- 
coding NphT7 (32), which appears to be a free- 
standing ketosynthase that is related at the structural 
level to the ketosynthase domain of more com- 
plex polyketide synthases (fig. S6), and we iso- 
lated the heterologously expressed enzyme for 
biochemical characterization (fig. S1). With the 
use of a coupled assay with an R-hydroxyl forming 
acetoacetyl-CoA reductase (PhaB), we found that 
NphT7 is competent to catalyze the formation of 
acetofluoroacetyl-CoA, using an acetyl-CoA starter 
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Fig. 2. Enzymatic production of activated extender units for C-C bond-formation reactions. (A) 
Formation of malonyl-CoA (left) and fluoromalonyl-CoA (right) from 500 uM CoA and either acetate or 


fluoroacetate, respectively. Values are reported as the 


mean + SD (n = 3 replicates). (B) Kinetic parameters 


for malonate activation. Kinetic parameters are reported as mean + SE (n = 3), as determined from 
nonlinear curve-fitting. Error in the k,a/Ky parameter was obtained from propagation of error from the 


individual kinetic terms. 
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and fluoromalonyl-CoA extender with only a five- 
fold defect in catalytic efficiency (Kz./Ky4, where 
Keat 18 the turnover rate and K,, is the Michaelis 
constant) derived from a drop in k.., with the flu- 
orinated substrate (Fig. 3). This lower turnover 
rate observed with the fluorinated substrate is pos- 
sibly related to the reduced reactivity of the enolate 
species, which would be stabilized by the fluorine 
substituent. However, the overall yield was com- 
parable for both fluorinated and nonfluorinated 
substrates, which shows that a decarboxylative 
Claisen condensation with fluoromalonyl-CoA can 
take place at a similar extent of conversion com- 
pared to malonyl-CoA. Furthermore, these exper- 
iments also show that the 2-fluoro-3-keto motif 
produced with the fluoromalonyl-CoA extender 
can be accepted by ketoreductases, as PhaB is ca- 
pable of efficiently reducing the acetofluoroacetyl- 
CoA substrate (fig. S7). The 'H and '°F nuclear 
magnetic resonance (NMR) spectra of the reduced 
product indicate that both diastereomers are 
produced in this reaction (fig. S7), which may re- 
sult from lack of stereochemical preference of 
NphT7 with respect to the fluorine substituent or 
from racemization of the product before reduc- 
tion by PhaB. Although PhaB does not appear 
to show diastereoselectivity with respect to the 
fluorine group, the polyketide synthase keto- 
reductases are known to be selective with regard 
to their native o substituent and could potentially 
carry out the stereochemical resolution of the 
fluorine modification upon reduction (33). 

With this information in hand, we sought to 
extend our biosynthetic method for fluorine intro- 
duction to more complex polyketide synthase sys- 
tems, which use the chain-elongation reaction for 
the biosynthesis of many bioactive and clinically 
important natural products, such as erythromy- 
cin and rapamycin (3, 20). Of the multimodular 
polyketide systems, 6-deoxyerythronolide B syn- 
thase (DEBS) is probably the best understood and 
is responsible for production of the erythromycin 
precursor (34). We therefore focused our studies 
on the sixth module of DEBS, including the ter- 
minal thioesterase (DEBSyjoas+ TE) (35). Using a 
diketide substrate [natural diketide N-acetyl cyste- 
amine thioester (NDK-SNAC)], DEBSyoas+TE 
can catalyze a single round of chain elongation 
with its native methylmalonyl-CoA extender unit 
and then cyclize the tethered product to form a 
methyltriketide lactone (TKL) (Fig. 4A, R = 
CHs; Fig. 4B, 1; and fig. S8) (36). We found that 
DEBSmoaetTE is also able to accept the fluori- 
nated monomer in chain-extension catalysis to form 
the 2-fluoro-2-desmethyltriketide lactone (F-TKL) 
and incorporate fluorine into the polyketide back- 
bone (Fig. 4B, 2 to 4; and fig. S9). The identity of 
the F-TKL was established by comparison to an 
authentic synthetic standard using reverse-phase 
liquid chromatography—mass spectrometry (LC- 
MS) monitored by electrospray ionization (ESI) 
and further confirmed by characterization of the 
isolated compound by high-resolution MS, gas 
chromatography—mass spectrometry, and '7F NMR 
spectroscopy (figs. S10 to S13). Although the 
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2S keto tautomer is generated in >94% diaster- 
eomeric excess (figs. $12 and S13), this ratio 
appears to be set by the compound’s stereoelec- 
tronic factors rather than the stereochemical pref- 
erence of DEBSmoac+TE, as the F-TKL is fully 
enolized in aqueous solution. The F-TKL can also 
be produced directly from fluoroacetate using the 
AckA-Pta/ACCase activation system in either a 
multistage (Fig. 4B, 5 and 6) or single-pot re- 
action (Fig. 4B, 7 and 8) with DEBSwoae+TE in 
a similar yield to the MatB reaction, which allows 
us to connect fluorinated polyketide production 
directly to the biosynthetically available fluori- 
nated building block (Fig. 1A and scheme S1). 

In contrast to the chain-extension reaction 
catalyzed by NphT7, DEBSoast TE does not in- 
corporate fluorinated extender units into the 
triketide lactone product as efficiently as its na- 
tive methylmalonyl-CoA extender. Preliminary 
studies indicate that the reduced efficiency of 
DEBSwoae+TE with the fluorinated extender is 
not due to covalent inactivation of the enzyme 
(fig. S14), but rather to the more complex bio- 
chemistry of polyketide synthases with regard to 
monomer selection (37). Extender unit hydrol- 
ysis, which occurs even for the native substrate 
(table S2), appears to limit fluoromalonyl-CoA 
incorporation based on the observations that 
MatB and adenosine triphosphate (ATP) are 
needed for fluoromalonyl-CoA regeneration and 
that fluoromalonate remains the major organo- 
fluorine species, even in their presence (fig. S15). 
The fluoromalonyl-CoA extender is, however, in- 
corporated at higher efficiency by DEBSyjoae+TE 
than malonyl-CoA (R = H), which is reported to 
be naturally excluded by DEBS (38). In fact, 
DEBSmoae+TE produces at least 10 times more 
F-TKL than H-TKL in a direct competition ex- 
periment with equimolar amounts (1 mM) of 
fluoromalonyl-CoA and malonyl-CoA (table S3). 

To address the issue of site- or regioselective 
fluorine incorporation, we turned our attention to 
exploiting the greater reactivity of the fluorinated 
extender unit toward acylation reactions. In this 
regard, we hypothesized that it would be possible 
for a fluorinated substrate to selectively acylate 
either the acyltransferase (AT) or acyl carrier 
protein domains of individual DEBS modules in 
the presence of a catalytically compromised or 
inactive AT domain, an approach that has been 
shown to facilitate malonyl incorporation by 
DEBS (39). Experiments with DEBSpoa6+TE 
showed that not only does F-TKL yield increase as 
expected, but fluorine selectivity also improves 
upon introduction of a key $2107A (Ser?!°’> 
Ala’!°’) mutation, reversing the selectivity of the 
wild-type module (Fig. 4C). When the NDK- 
SNAC substrate is used with its native module, 
DEBSwoa2, in conjunction with the analogous 
$2652A mutation, extension with fluoromalonyl- 
CoA to form F-TKL reaches 30% efficiency 
compared with methylmalonyl-CoA (fig. S16). Fur- 
thermore, we found that the stand-alone trans-AT 
from the disorazole polyketide synthase (40, 41) 
accepts fluoromalonyl-CoA and can further en- 
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Fig. 3. A chain-extension and ketoreduction cycle with a fluorinated extender using a simple 
polyketide synthase, NphT7. (A) Reactions catalyzed by NphT7 and PhaB. NADPH, reduced form of 
nicotinamide adenine dinucleotide phosphate. (B) Steady-state kinetic parameters for NphT7-catalyzed 
CC bond formation measured using a coupled assay with PhaB. Data points are reported as the mean + SD 
(n = 3). Kinetic parameters are reported as mean + SE (n = 3), as determined from nonlinear curve-fitting. 
Error in the kc/Ky parameter was obtained from propagation of error from the individual kinetic terms. 


hance F-TKL formation by the AT-null mutant 
(Fig. 4C). Using this approach, we began to explore 
the possibility of site-selective fluorine incorpo- 
ration with a mini-PKS model system, consist- 
ing of DEBSyjoa2 and DEBSyyoa3+ TE, that was 
designed to carry out two chain-extension re- 
actions from the NDK-SNAC substrate (42). Using 
the appropriate AT-null constructs, we were able 
to observe exclusive production of either regio- 
isomer of the fluoro-methy] tetraketide lactone 
(tetraKL). The identity of the 2-fluoro-4-methyl 
tetraKL and 2-methyl-4-fluoro tetraKL was es- 
tablished by both high-resolution ESI-MS and 
LC-MS on the basis of their different retention 
times, as well as their mass fragmentation pat- 
terns, which are consistent with the incorpora- 
tion of fluorine at the expected sites (Fig. 4D 
and fig. S17). These studies also indicate that 
further chain extension after fluorine insertion 
can be achieved and that fluorinated intermedi- 
ates could potentially be tolerated in downstream 
reactions. This observation is consistent with pre- 
vious work that has shown that intermediates 
with non-native substituents, including fluorine, 
can be extended and tailored to the final structure 
(3, 17-20, 23) and gives promise that larger flu- 
orinated polyketide targets may be accessible 
through this approach. 

The observed selectivity for fluoromalonyl- over 
malonyl-CoA extender units suggests that polyketide 
chain-extension reactions with fluoromalonyl-CoA 
could possibly be catalyzed in vivo in E. coli, which 
contains a sizable malonyl-CoA pool (~35 uM) 


(43) but almost no methylmalonyl-CoA (44, 45). 
We carried out preliminary '°F-NMR studies of 
cells expressing MatB, NphT7, and PhaB and fed 
with nontoxic levels of fluoromalonate. Analysis 
of the media and cell extracts indicated that flux 
through fluoromalonyl-CoA could reach 100 uM 
to 1 mM, which is sufficient for use by PKSs in 
live cells (table S4). Next, we tested the ability of 
DEBSpodst TE to catalyze chain elongation in 
cell lysates prepared from E. coli BAP1 coex- 
pressing DEBS)yoa6+TE and MatB. Under these 
conditions, F-TKL is produced with no observ- 
able H-TKL upon addition of only NDK-SNAC, 
fluoromalonate, CoA, ATP, and the ATP regen- 
eration system (fig. S18A). Negative controls with 
either no DEBSwoge+TE/MatB expressed or no 
NDK-SNAC substrate show no production of 
F-TKL (fig. S18A). These results demonstrate 
that the intracellular level of expression of the 
DEBSpodst TE and MatB enzymes is sufficient 
for the incorporation of the fluorinated extender 
unit. They also further imply that fluorine could 
be introduced into the polyketide backbone in- 
side living cells, which are capable of generat- 
ing ATP through normal metabolic processes. 
Therefore, we cultured E. coli BAP1 coexpressing 
DEBSmoaetTE and MatB and harvested the 
cells after induction. These cells were then fed 
with the fluoromalonate precursor, which resulted 
in the production of F-TKL upon addition of 
NDK-SNAC (Fig. 4B, 9; and fig. S18B). The 
identity of the F-TKL under these conditions 
was established by LC-MS, co-injection with an 
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Fig. 4. Production of fluorinated polyketides in vitro and in vivo. 
(A) Reaction catalyzed by DEBSyo4g+TE using the NDK-SNAC substrate with 
various extender units (NDK-SNAC, (25,3R)-2-methyl-3-hydroxypentanoyl-N- 
acetylcysteamine thioester). (B) Chain extension by DEBSmogst+TE to form 
triketide lactones monitored by LC-MS [TKL, mass/charge ratio (m/z) = 169; 
F-TKL, m/z = 173]. CoA, ATP, and ATP regeneration system are included in all 
in vitro reactions. Data are normalized with respect to the TKL peak. (C) Selectivity 
Of DEBSyogg+TE and DEBSmog3t+TE for the methylmalonyl-CoA versus 
fluoromalonyl-CoA extender unit, as monitored by TKL (m/z = 169) and F-TKL 
(m/z = 173) formation. Conditions include wild-type modules, AT° modules, and 
AT° modules in conjunction with the trans-AT from the disorazole PKS (DszsAT). 


authentic standard, as well as high-resolution MS. 


Moreover, F-TKL can also be produced directly (2011). 
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Values are reported as the mean + SD (n = 3). KR* denotes that the KR domain 
of Mod3 is inactive. (D) LC-MS traces showing regioselective tetraketide lactone 
formation using the DEBS mini-PKS consisting of DEBSj9g2 and DEBSiyoq3+TE 
(Me/Me, 2-methyl-4-methyl-tetraketide lactone, m/z = 227; Me/F, 2-fluoro-4- 
methyl-tetraketide lactone, m/z = 231; F/Me, 2-methyl-4-fluoro-tetraketide lactone, 
nz = 231). Me/Me was produced using DEBSyjo42/DEBSyog3+TE and methyl- 
malonate (1). Me/F was produced using DEBSmoq2/DEBSoa3AT°-+TE, DszsAT, 
methylmalonyl-CoA, and fluoromalonate (2). F/Me was produced using 
DEBSiod2AT°/DEBSmoa3+TE, methylmalonyl-CoA, and fluoromalonate (3). 
Data are normalized with respect to the Me/Me peak. All reactions contained 
MatB and the ATP regeneration system. 
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in cell culture with the simple addition of a mix- 
ture of both substrates to the media after induc- 
tion of DEBSyoast TE and MatB (fig. S18C). 
Taken together, these studies show that the nat- 
ural selectivity of the polyketide synthase allows 
for the site-selective introduction of fluorine 
over hydrogen into the polyketide backbone in- 
side living cells. 


Using engineered pathways to link simple bio- 


genic organofluorine building blocks into more 
complex fluorinated small-molecule targets, we 
have demonstrated that we can expand the fluo- 
rine chemistry of living systems. Because of the 
modular nature of the biosynthetic pathways used 
to produce polyketides and related acetate-derived 
natural products, these findings open the door to 
general strategies for exploring the fluorine syn- 
thetic biology of complex natural products. 
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Observation of Partial Wave 
Resonances in Low-Energy 
0,-H, Inelastic Collisions 


Simon Chefdeville,”? Yulia Kalugina,>"* Sebastiaan Y. T. van de Meerakker,° 
Christian Naulin,”* Francois Lique,?* Michel Costes’?* 


Partial wave resonances predicted to occur in bimolecular collision processes have proven challenging 
to observe experimentally. Here, we report crossed-beam experiments and quantum-scattering 
calculations on inelastic collisions between ground-state O2 and Hz molecules that provide state-to-state 
cross sections for rotational excitation of O2 (rotational state W = 1, j = 0) to O2 (V=1,j =1) in the 
vicinity of the thermodynamic threshold at 3.96 centimeter *. The close agreement between experimental 
and theoretical results confirms the classically forbidden character of this collision-induced transition, 
which occurs exclusively in a purely quantum mechanical regime via shape and Feshbach resonances 
arising from partial waves with total angular momentum (J) = 2 to 4. 


he accurate description of collisions be- 

tween individual molecules remains a 

long-standing goal in physical chemistry. 
In a classical picture, the outcome of a collision 
is determined by the interaction potential and ini- 
tial conditions such as relative velocity and im- 
pact parameter, that is, the distance of closest 
approach between the molecules in the absence 
of any interaction. Surely, molecules are quantum 
objects in nature, and the collisions must be de- 
scribed in terms of interfering quantum-scattering 
states, or partial waves, instead. Each partial wave 
is the quantum mechanical analog of a classical 
trajectory with a given impact parameter and is 
characterized by a definite value of total angular 
momentum, J, which is conserved throughout the 
collision (/). 

The contribution of individual partial waves 
to the scattering cross sections constitutes the 
ultimate information that can be obtained about 
a collision event. Whereas molecular scattering 
processes are nowadays described successfully 
by quantum mechanical methods throughout, the 
direct observation of individual partial waves in 
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molecular collision experiments remains highly 
challenging. In fact, partial waves can only be 
distinguished when giving rise to scattering reso- 
nances that manifest as resolved peaks in dif- 
ferential or integral cross sections (DCSs and ICSs) 
as measured in crossed-beam experiments. Such 
very rare findings then provide a unique insight 
in the most critical part of the potential energy 
surface (PES), the transition state region (2). How- 
ever, in most cases, the collision energy spread 
and the participation of many overlapping par- 
tial waves corresponding to the energetically al- 
lowed values of J tend to average the individual 
resonance signatures and still render them elu- 
sive to experimental observation. 

Partial wave resonances were first observed 
for a few elastic collisions that involve simple 
atoms (3—5) and then for the F + HD — HF + D 
system. In this textbook three-atom reaction, the 
resonances could be identified by comparison 
of experimentally determined cross sections with 
the outcome of high-level electronic structure and 
quantum-scattering calculations. A clear oscil- 
latory structure assigned to J = 12 to 14 partial 
waves appears in the collision energy dependence 
of the state and angle-resolved DCS (6), where- 
as a steplike feature characterizes the resonance 
behavior of the total ICS (7). More recently, reso- 
nance structures have been revealed in total ICSs 
for Penning ionization reactions of metastable 
He with Hp, or Ar in the cold regime (8) and in 
state-to-state ICSs for low-energy inelastic scat- 
tering of CO with Hp (9). Yet, the identification 
of the contributing partial waves suffered from 


imperfect agreement with theory in the latter 
studies. Here, we report a joint experimental and 
theoretical study on O,—H; inelastic collisions for 
O2 (N= 1,7 =0 — N= 1,7 = 1) rotational ex- 
citation, a transition which violates the semi- 
classical propensity rules for rotational energy 
transfer involving a molecule in a 35 state (10). The 
results demonstrate the purely quantum mechan- 
ical nature of the process and offer a complete 
characterization of fully resolved partial wave res- 
onances with close agreement between theory 
and experiment. 

We performed our experiments with a crossed- 
beam apparatus, which allowed us to tune the 
collision energy (the relative translational energy 
of colliding partners with reduced mass u and 
relative velocity v,) by varying the beam inter- 
section angle, y, between 12.5° and 90°: Ey = 
Vay = Ya(Vor” + Van” — 2vo2vupC0sx) (9, 11). 
H, and O, beams with low and matched ve- 
locities and high velocity resolution and quantum 
state purity were obtained by using cryogenically 
cooled Even-Lavie fast-pulsed valves (/2) [see table 
S1 (/3)]. Neat beams of para-H, and normal-H 
were used and were characterized in the crossing 
region by 3 + 1 resonance-enhanced multiphoton 
ionization (REMPD) time-of-flight mass spectrom- 
etry using three-photon (C'Il,, v= 0 <— Ee 
v=0) R branch transitions near 99,150 cm! (/4). 
Populations >95% for 7 = 0 and <5% for j = 1 were 
deduced when using freshly prepared samples 
of para—Hy and 25% j = 0, 75% j = 1 when using 
normal-H>. The Oz beam (0.3% O, in He) was 
probed by using 2+ 1 CZp , v=2<— X*Z, , v=0) 
and @Z;, v = 2 — X*X,, v = 0) REMPI 
transitions around 88,900 cm‘ (/5). The relative 
populations of the three fine-structure components 
of ground rotational state V = 1 were estimated to 
be >85% inj = 0, <15% inj =2 at E,9=2.08 cm", 
and <0.5% inj = 1 at Ey; = 3.96 cm |, whereas 
those of first excited rotational state N = 3 were 
negligible (/3). Cross-section measurements at- 
tributed to N= 1,7=0— N= 1,7 = 1 rotational 
energy transfer were performed by probing the 
collision-induced population in the N = 1, 7 = 
1 level as a function of the crossing angle. The 
initial residual population in N= 1,7 = 1 level was 
offset by shot-to-shot background subtraction when 
triggering the probe laser and the O beam at 10 Hz 
with the Hz beam at 5 Hz. The integral cross sec- 
tions for O2—para-H) collisions between Ey = 
3.7 cm | and 20 cm are displayed in Figs. 1A and 
2. Those for O2—-normal-H) collisions are shown 
in Fig. 2. The excitation function displays well- 
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resolved peaks (a, b, and c), with no observable 
difference for the collision partners para-H, or 
normal-H). The excitation function also appears 
unusual for a molecular collision process. The O» 
(N= 1,7=0— N=1,7= 1) transition violates 
the propensity rules in rotationally inelastic 
collisions of diatomic molecules in *Z electronic 
states (10). Thus, normal scattering cannot occur. 
Scattering can only arise from resonances, and 
the three observed peaks are proof of this reso- 
nance behavior. 

To gain insight into the resonance structure, 
we performed full quantum close-coupling scat- 
tering calculations by using a four-dimensional 
ab initio PES treating Oz and H) as rigid rotors, 
which had been recently obtained by the coupled 
cluster method while using single and double 
excitation with perturbative contributions from 
connected triple excitations and large sets of 
atomic basis orbitals (/6). Because the well depth 
of the PES strongly affects the energy, width, and 
intensity of the scattering resonances, we per- 
formed additional electronic structure calcula- 
tions at a higher level of theory to obtain a better 


0.1 


o 
ro) 


description of this critical parameter (fig. S1) 
(73). We estimated that 5% of the interaction en- 
ergy was missing in the potential well. Therefore, 
we scaled the global PES by a factor of 1.05. A 
previous theoretical study on O2—H inelastic scat- 
tering neglecting the fine structure showed that 
rotation of Hz has almost no influence on the 
magnitude of the cross sections, including the 
resonances (/6). We thus restricted the calcu- 
lations to the j = 0 level of Hp (i.e., the PES was 
averaged over H, rotations), considering that 
our results should also be valid for H> (= 1). For 
the scattering calculations, we solved the quantal 
coupled equations in the intermediate coupling 
scheme by using the MOLSCAT code (/7) mod- 
ified to take into account the fine structure of the 
O, energy levels (8, /9). Cross sections were 
obtained up to Ey = 50 cm | ona 0.05-cm ’ grid. 
The results are presented in Fig. 1B for partial 
waves J = 1 to 7, which contribute at the colli- 
sion energies sampled in the experiment. The 
theoretical ICSs convoluted with the experi- 
mental collision energy spread are also reported 
in Fig. 1A. 


Cross section (exp. / a.u.) 


Cross section (theory / nm’) 
oO 
ND 


0.1 


5 10 


15 
Relative translational energy (cm) 


20 


Fig. 1. Collisional energy dependence of the integral cross sections for O2 excitation (MW = 1, 
j=0) > (N=1, j =1). (A) Experimental data with para-H, (open circles, with error bars representing the 
statistical uncertainties at 95% of the confidence interval). Each point corresponds to 40 consecutive 
scans of the beam intersection angle acquired between 30° and 12.5° with —0.5° decrement and 100 
laser shots per angle; theoretical ICSs were convoluted with the experimental collision energy spread 
(solid line). (Inset) Energy-level diagram and excitation scheme of O, in the N = 1 state. (B) Theoretical 
results: partial waves J = 2, 3, and 4 (solid lines); partial waves J = 1 and J = 5 to 7(dashed lines); integral 
cross section (dashed-dotted line). Positions of the bound and quasi-bound states (see Fig. 3) labeled with 
their quantum numbers {N, j, [} (see text) are shown by vertical dashed lines. a.u., arbitrary units. 
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The agreement between experiment and the- 
ory in Fig. 1 is very good. The convoluted theoret- 
ical curve reproduces well the position and width 
of the three experimental peaks. The experimen- 
tal excitation function falls almost to zero at Ey = 
20 cm ', which indicates a negligible contribution 
of collision energy transfer in the final observed 
state N= 1,7 = 1 from N = 1, j = 2 residual pop- 
ulation in the Oz beam (see also fig. S2) (/3). 
Furthermore, Fig. 2 demonstrates that inelastic 
scattering with H, (j = 1) behaves the same as 
with H, (j = 0), which justifies the theoretical 
assumption made (vide supra). 

A comparison of experimental and theoretical 
data shows that each peak in the experimental 
excitation function corresponds to an almost pure 
partial wave: peak a to J= 2, peak b to J= 3, and 
peak c to J= 4. The contributions from partial waves 
J = 1 and J> 4 and the overlaps between J = 2, 3, 
and 4 remain marginal. To gain insight into the 
nature of the peaks, we calculated adiabatic-bender 
potentials (20) and searched for all van der Waals 
stretch levels supported by these curves (2/). The 
levels are labeled as N, j, and /, where / is the 
orbital angular momentum. Figure 3 shows the 
J =2 potential curve, which correlates with O, 
(N= 1,7 = 1)+H»(/=0). This curve supports one 
quasi-bound state at FE, 1. = 4.36 cm |, slightly 
above the asymptotic value at E\,; = 3.96 cm | but 
trapped below the centrifugal barrier. Tunneling 
through the barrier thus gives rise to a shape (or 
orbiting) resonance (5, 22). Another /= 2 curve, 
which correlates with the asymptotically closed 
channel O2 (N = 3,7 = 4) + Ho(j = 0) at £34 = 
16.39 cm |, furnishes a different scenario. The 
O.—H, complexes are temporally trapped in the 
bound state at £344 = 6.19 cm | before disso- 
ciating to O2 (N= 1,7 =1)+H, (j= 0), yielding 
a Feshbach resonance (23). Therefore peak a 
can be regarded as the juxtaposition of a shape 


| (a) 


Cross section (exp. / a.u.) 


5 10 
Relative translational energy (cm’’) 


15 20 


Fig. 2. Collisional energy dependence of the 
integral cross sections for O, excitation (NV = 1, 
j = 0) >= W=1,j = 1). Experimental data with 
para-H, (open circles, data of Fig. 1A) and normal- 
Hp (open triangles). Error bars and scan parameters 
for normal-H, as defined in Fig. 1A but with 29 
consecutive scans of the beam intersection angle. 
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adiabatic energy (cm’) 
oO 


-204 


Fig. 3. Adiabatic bender curves with total 
angular momentum J = 2 and 3 that correlate 
with O, states (W, j) = (1, 1) and (3, 4). Quasi- 
bound states below (solid lines) or above (dashed 
lines) the dissociation limit are labeled with their 
quantum numbers {A,j,/} (see text). 


resonance in its rising edge and a Feshbach reso- 
nance in its falling edge. The J = 3 curve, which 
correlates with the O, (NV = 3,7 =4) + Hp (j = 0) 
closed channel, supports a bound state at F347 = 
10.94 cm! in good agreement with the center of 
peak b. Peak b is thus a pure Feshbach reso- 
nance. Analysis of J = 4 is less straightforward, 
because adiabatic-bender potentials correlating 
with O2 (NV = 3, j = 2, 3, 4) + H2 (j = 0) closed 
channels at £3 5 = 16.25 cm |, E33= 18.34 cm |, 


and £34 = 16.39 em | are found to support six 
bound and quasi-bound states situated between 
15.3 and 17.1 cm! (fig. S3). Peak c is a com- 
posite of Feshbach resonances. 

Our results highlight the purely quantum me- 
chanical nature of this inelastic collision process. 
None of the partial waves exhibits a long tail, 
which would indicate nonresonant rotational en- 
ergy transfer. Successful O, (N= 1,7=0— N= 
1, 7 = 1) excitation exclusively occurs via shape 
and Feshbach resonances. Our results also vali- 
date the PES, which can now be used with con- 
fidence to calculate precise fine-structure resolved 
low-temperature rate coefficients for rotational 
(de-)excitation of O» Cog) by Hp. This regime 
is of particular importance for astrophysics be- 
cause, in the interstellar medium, O, rotational 
level populations result both from radiative tran- 
sitions and from inelastic collisions with over- 
whelmingly abundant H>. Evaluation of O» 
abundance from spectral line data (24) requires 
the accurate knowledge of these rate coefficients. 


References and Notes 
1. R. D. Levine, R. B. Bernstein, Molecular Reaction 
Dynamics and Chemical Reactivity (Oxford Univ. 
Press, Oxford, 1987). 
2. G. C. Schatz, Science 288, 1599-1600 (2000). 
3. A. Schutte, D. Bassi, F. Tommasini, G. Scoles, Phys. Rev. 
Lett. 29, 979-982 (1972). 
4. R.S. Grace, D. L. Johnson, J. G. Skofronick, J. Chem. Phys. 
67, 2443 (1977). 
5. J. P. Toennies, W. Welz, G. Wolf, J. Chem. Phys. 71, 
614 (1979). 
6. W. Dong et al., Science 327, 1501-1502 (2010). 
7. R. T. Skodje et al., Phys. Rev. Lett. 85, 1206-1209 (2000). 
8. A. B. Henson, S. Gersten, Y. Shagam, J. Narevicius, 
E. Narevicius, Science 338, 234-238 (2012). 
9. S. Chefdeville et al., Phys. Rev. Lett. 109, 023201 (2012). 
10. M. H. Alexander, P. J. Dagdigian, J. Chem. Phys. 79, 
302 (1983). 
11. M. Lara et al., Phys. Rev. Lett. 109, 133201 (2012). 


12. D. Pentlehner et al., Rev. Sci. Instrum. 80, 043302 (2009). 

13. Materials and methods are detailed in the supplementary 
materials on Science Online. 

14. S. T. Pratt, P. M. Dehmer, J. L. Dehmer, Chem. Phys. Lett. 
105, 28-33 (1984). 

15. R. J. Yokelson, R. J. Lipert, W. A. Chupka, J. Chem. Phys. 
97, 6153 (1992). 

16. Y. Kalugina, O. D. Alpizar, T. Stoecklin, F. Lique, Phys. 
Chem. Chem. Phys. 14, 16458-16466 (2012). 

17. J. M. Hutson, S. Green, MOLSCAT computer code, version 
14, 1994, distributed by Collaborative Computational 
Project No. 6 of the Engineering and Physical Sciences 
Research Council (UK). 

18. F. Lique, M.-L. Senent, A. Spielfiedel, N. Feautrier, 

J. Chem. Phys. 126, 164312 (2007). 

19. F. Lique, J. Chem. Phys. 132, 044311 (2010). 

20. M. H. Alexander, S. Gregurick, P. J. Dagdigian, J. Chem. 
Phys. 101, 2887 (1994). 

21. D.T. Colbert, W. H. Miller, J. Chem. Phys. 96, 1982 (1992). 

22. D. W. Chandler, j. Chem. Phys. 132, 110901 (2010). 

23. H. Feshbach, Ann. Phys. 5, 357-390 (1958). 

24. B. Larsson et al., Astron. Astrophys. 466, 999-1003 (2007). 


Acknowledgments: This work extends the objectives of 
ANR-12-BS05-0011-02 contract with the Agence Nationale 
de la Recherche and contract 2007.1221 with the Conseil 
Régional d’Aquitaine, for which financial support is 
gratefully acknowledged. S.C., S.Y.T.v.d.M., C.N., and M.C. 
acknowledge support of Partenariat Hubert Curien Van Gogh 
2013-28484TH contract. S.Y.T.v.d.M. acknowledges support 
from the Netherlands Organisation for Scientific Research 
(NWO) via a VIDI grant and from the Université de Bordeaux 
for a visiting professorship. Y.K. acknowledges the support 

of High Performance Computing SKIF-Cyberia (Tomsk State 
University). Y.K. and F.L. acknowledge the financial support 
of the CNRS national program Physique et Chimie du 

Milieu Interstellaire and of the Contrat de Projets Etat-Région 
Haute-Normandie/Centre National de Recherche Technologique/ 
Energie, Electronique, Matériaux. 


Supplementary Materials 
www.sciencemag.org/cgi/content/full/341/6150/1094/DC1 
Materials and Methods 

Figs. $1 to $3 

Table $1 

References (25-33) 


3 June 2013; accepted 18 July 2013 
10.1126/science.1241395 


Direct Determination of Absolute 
Molecular Stereochemistry in Gas 
Phase by Coulomb Explosion Imaging 
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Bijvoet’s method, which makes use of anomalous x-ray diffraction or dispersion, is the standard means 
of directly determining the absolute (stereochemical) configuration of molecules, but it requires 
crystalline samples and often proves challenging in structures exclusively comprising light atoms. 
Herein, we demonstrate a mass spectrometry approach that directly images the absolute configuration 
of individual molecules in the gas phase by cold target recoil ion momentum spectroscopy after laser 
ionization—induced Coulomb explosion. This technique is applied to the prototypical chiral molecule 
bromochlorofluoromethane and the isotopically chiral methane derivative bromodichloromethane. 


molecule that cannot be superposed with 
its mirror image by pure translation and 
rotation is termed chiral, with the non- 
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identical mirror images called enantiomers. If 


it were not for the predicted tiny contributions 
due to parity-violating weak interactions (/), which 


are currently searched for in high-precision mo- 
lecular physics experiments on chiral molecules 
(2, 3), the energy levels of both enantiomers would 
be equal. The enantiomers can be distinguished 
by their interaction with other chiral objects; for 
instance, left- or right-handed molecules and 
left- or right-handed circularly polarized photons. 
The interaction with polarized light led Louis 
Pasteur, more than one and a half centuries ago, 
to the discovery of molecular chirality by observ- 
ing optical rotation in aqueous solutions of man- 
ually separated enantiomorphic crystals from 
double salts of tartaric acid (4). van’t Hoff (5) 
and Le Bel (6) independently ascribed Pasteur’s 
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observation to an underlying three-dimensional 
(3D) structure of molecules, which can result in 
two nonidentical mirror image structures. 
Enantiomers can be distinguished compara- 
tively easily by their chiroptical signals, such as 
optical rotation, that are of (nearly, due to parity 
violation) equal magnitude but opposite sign. 
This is manifested by the frequently used phe- 
nomenological (+/-) terminology. The micro- 
scopic structure, on the other hand, is classified 
with the systematic R/S or P/M stereodescrip- 
tors (7). However, assigning the absolute (stereo- 


chemical) configuration—that is, establishing 
which of the two possible mirror image spatial 
structural models gives rise to optical rotation with 
positive or negative sign—still poses a challenge. 

The standard approach to directly determin- 
ing absolute configuration is Bijvoet’s method 
(8) of 1951, but in 2001 the technique of Coulomb 
explosion imaging (CEI) (9) was shown to be a 
potential means to determine the handedness of 
chiral molecules (/0). Before 1951, chemical or 
biochemical conversions were used that relate 
compounds of unknown configuration to others 
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Fig. 1. Sum of linear momentum (p) components in fivefold ionization of CHBrClF, demon- 
strating the excellent resolution achieved in this experiment. Those events detected with p, and 
p, Close to zero correspond to a fragment assignment to ’°Br*, >°Cl*, 1°F*, #2c*, and *H* (denoted 
in bold). Fragments of other isotopologues can also be identified but are not used in the present 
analysis. The atomic unit for momentum is defined as fay + = 1.992 -10°*4 kg ms“? (A, Planck's 


constant h divided by 27; do, Bohr radius). 
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Fig. 2. Chiral discrimination for CHBrClF. The histogram for the cosine of the chirality angle 6 shows the 
clear separation between enantiomers in our racemic sample of CHBrCIF. As is illustrated in the insets, the 
angle is defined via cos(®) = Br - (Ba x Ppr)(\pr||Pa x Psr|) '. The peak at negative values of cos(®) 
corresponds to the S enantiomer, whereas the one at positive values corresponds to the R enantiomer. 
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with known configuration, a method that is still 
applied today. For this purpose, Fischer (//) had 
arbitrarily assigned a given 3D structural model 
(denoted as the p form) of saccharic acid to the 
compound that is weakly (+) rotating in aqueous 
solution and its mirror image (L form) to the (—) 
rotating counterpart. Subsequently [see also (/2) 
for the historical development], catalogs of the p 
and L series were established, the components of 
which were chemically related, either directly to 
D- or L-saccharic acid or to other chiral mole- 
cules already filed in the catalog. Bijvoet finally 
confirmed (8) Fischer’s arbitrary choice by study- 
ing the sodium rubidium double salt of tartaric 
acid with anomalous x-ray diffraction. Heavy 
elemental scatterers induce a pronounced phase 
and intensity shift when irradiated with x-rays near 
their absorption edge, which allows the determi- 
nation of absolute configuration. Although typi- 
cally quite conclusive, Bijvoet’s method is limited 
by requiring crystalline samples. A promising 
new approach using x-ray diffraction has recently 
been presented by Inokuma et al. (/3). They dif- 
fused a dissolved chiral compound into a crys- 
talline host framework containing heavy atoms. 
As a result of the interaction, the framework’s 
symmetry changed to a chiral space group, thus 
allowing the application of anomalous x-ray dif- 
fraction. Nonetheless, conventional crystallograph- 
ic challenges and flaws—such as misassigned 
atoms, symmetry problems, and guest disorder— 
persist and, hence, require support from mass spec- 
trometry or nuclear magnetic resonance (NMR) (/3). 

The lack of versatile direct approaches has led 
to the active exploration of indirect physicochemical 
approaches based on optical rotation and circu- 
lar dichroism. Indirect methods rely on quan- 
tum chemical calculations or empirical rules to 
interpret the experimental data. Alternatively, 
liquid chromatography with an enantioselec- 
tive stationary phase is a widespread method for 
chiral discrimination. Its drawback for assign- 
ment lies in the need for a suitable analog with 
known stereochemical configuration. Recent ac- 
tivities focus on NMR spectroscopy, either by 
seeking to turn NMR directly into a chiroptical 
method (/4) or by exploring possibilities to use 
residual dipolar couplings in chiral nonracemic 
alignment media (/5). Also, photoelectron circu- 
lar dichroism has received renewed interest (/6), 
and promising three-wave mixing strategies to 
obtain chiroptical signals in microwave spectros- 
copy have been reported recently (/7). 

Herein, we focus on direct determination of 
absolute configuration in the gas phase by a 
molecular imaging technique that displays the 
3D structure of individual chiral molecules on a 
detector and thereby permits assignment of ab- 
solute configuration on a single-molecule basis. 
As an alternative to displaying the full structure, 
one can also 3D-align the molecule and image 
decisive fragments (/8). Kitamura et al. used a 
similar approach to ours, but with highly charged 
argon atoms from an ion source as ionizing agents, 
to detect dynamical chirality in perdeuterated 
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methane (/0) and pointed out the possibility 
of detecting molecular handedness. In 2008, 
Gagnon et al. employed a related variant to study 
the structure of achiral dichloromethane (CHCl,) 
(19) by CEI. For the direct assignment of the 
absolute configuration, high count rates for four- 
fold or higher fragmentation coincidence events 
are required. The laser systems commercially 
available in 2008 were unable to produce such 


rates. To overcome these technical limitations for 
stereochemical assignments, we combine the 
latest high-power femtosecond lasers [with rep- 
etition rates that are 10 to 100 times higher 
(100 kHz)] with improved fast hexanode delay- 
line detectors to surmount otherwise prohib- 
itively long data acquisition time. In addition, 
we employ high-performance data recording tech- 
niques, together with an offline analysis protocol, 


to cope with the increasing complexity emerging 
for polyatomic molecules (20). These improve- 
ments enable the use of CEI to determine the ab- 
solute configuration of the prototypical chiral 
compound bromochlorofluoromethane (CHBrCIF) 
and isotopically chiral methane derivatives in 
natural abundance such as CHBr’’CF°Cl. 
CHBrCl, is commercially available and was 
used without further purification, as impurities 


Fig. 3. Linear momenta in fivefold fragmentation of CHBrClF enantiomers. 
Measured linear momenta in the fivefold fragmentation of (left) (S)-CHBrClF 
[cos(®) <—0.6] and (right) (R)-CHBrCIF [cos(@) > 0.6] are indicated by the following 
color codes: C, gray arrow; H, white; F, green; Cl, yellow; Br, red. Momenta are rotated 
to the molecular frame of reference, defined by the momentum of the carbon ion 
and the momentum sum of the bromine and chlorine ions. All momenta are 


normalized with respect to the carbon momentum. For better visibility, hydrogen 
momenta are expanded by a factor of 2. Whereas the substituents are expelled 
during the Coulomb explosion into the directions expected from the classical 
structural model, the central atom C is also accelerated away from the center of 
mass and ejected in a similar direction as hydrogen. An animated version of the 
figure can be found in the supplementary materials (movies $1 and $2). 


Fig. 4. Measured linear momenta in the fivefold fragmentation of 
(S)-CH’°Br?”Cl?Cl (left) and (R)-CH’°Br?’CL°Cl (right). The color codes 
used correspond to: C, gray arrow; H, white; >°Cl, green; >”Cl, yellow; Br, red. 
Momenta are rotated to the molecular frame of reference, defined by the 
momentum of the carbon ion and the momentum sum of ’’Br and 7°Cl, and 
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normalized with respect to the momentum of the carbon ion. Again, the 
hydrogen momentum is scaled by a factor of 2. A histogram and an animated 
version of the figure can be found in the supplementary materials (fig. S5 and 
movies $3 and $4). For a wider angle of vision, see fig. $7, where a few outlier 
signals also become clearly visible. 
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are easily discarded in the analysis step of coin- 
cidence experiments. Racemic CHBrCIF was synthe- 
sized as described in (2/) by reacting CHBr,Cl with 
HgF. The spectrometer system employed was 
described in detail in (22). For the present study, 
the setup was augmented by an assembly of cold 
traps to recycle the volatile sample compounds. 

The approach for direct determination of ab- 
solute configuration employs the well-established 
cold target recoil ion momentum spectroscopy 
(COLTRIMS), as depicted in fig. S1 in the sup- 
plementary materials. A supersonic gas jet of 
chiral molecules (y axis in the laboratory system) 
crosses a high-power femtosecond laser (labora- 
tory x axis) to induce multiple ionization and the 
resulting Coulomb explosion. Charged fragments 
are projected by a static electric field along the 
laboratory z axis onto a position- and time-sensitive 
multichannel plate detector (MCP) with hexag- 
onal delay-line readout (23), where all fragments 
are detected in coincidence (fig. $2). From the 
impact position on the detector (x, y) and the 
known distance between the ionization zone and 
MCP, as well as the measured time-of-flight, the 
velocities of all cations (formed in coincidence) 
can be derived. By assigning masses and charges 
to the various fragments, corresponding linear 
momenta of all detected particles can be ob- 
tained. In molecular multiple ionization and frag- 
mentation, the momenta of photons and electrons 
are usually negligible compared with the momen- 
ta of the Coulomb exploding ionic fragments. 
Hence, in a cold molecular beam, the sum of the 
ion momentum vectors must be close to zero 
because of momentum conservation. The mass 
assignment can, therefore, be confirmed by check- 
ing this computed total momentum of all ions. 
Assignment of absolute configuration is, in prin- 
ciple, already possible, once four charged frag- 
ments (e.g., Br’, Cl’, F’, and CH” for CHBrCIF) 
are detected in coincidence. Signatures of those 
breakups could be found in the data and used 
for assignment (results not reported here). Herein, 
however, we focus on the complete fragmentation 
into five singly charged ions, because analysis 
and interpretation are more straightforward. Ad- 
ditionally, the background can be suppressed 
quite efficiently. Mass resolution in COLTRIMS 
is sufficient to distinguish various isotopes of 
bromine and chlorine in natural abundance, there- 
by even allowing stereochemical characterization 
of isotopically chiral molecules. Further details 
of the measurement method can be found in the 
supplementary materials (24). 

Figure 1 shows the sum of all ion momenta 
in the case where five fragments of CHBrCIF are 
measured in coincidence. The peak at zero total 
momentum shows events with the correct mass 
assignment: MB Scr, PRT Ct and 'H*. 
These events were used for the determination of 
the absolute configuration. The peaks at lower 
momentum in the z direction are contributions 
from other isotopologues. 

Figure 2 demonstrates the capability to dis- 
tinguish enantiomers in our racemic sample. For 
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this purpose, an angle @ is defined, indicating if 
the momenta of bromine, chlorine, and fluorine 
form a right- or left-handed coordinate system. 
As distinct peaks are obtained in the histogram, 
almost all events can be assigned clearly to one 
enantiomer or the other. This shows the robust- 
ness of our method against the laser pulse length: 
Being ~40-fs long, our pulses are not short enough 
to consider the hydrogen frozen during multiple 
ionization. The clear separation of enantiomers in 
the histogram indicates, however, that the motion 
of hydrogen during the laser pulse does not alter 
bond angles to an extent that would prevent 
identification of enantiomers. These results also 
show that reconstruction of the exact geometric 
structure is not necessary for the determination of 
absolute configuration. Classical molecular dy- 
namics simulations confirm that the enantiomers 
are mapped unambiguously onto their momen- 
tum space analogs that are presented here. 

Figure 3 overlays measured linear momenta 
on a rigid structural model of neutral CHBrCIF, 
with the linear momentum of carbon fixed along 
the x axis, the momentum sum of chlorine and 
bromine defining the xy plane, and all other 
linear momenta being oriented relative to these. 
For better visibility, momenta are normalized 
with respect to the carbon momentum. The mo- 
mentum of hydrogen, being very small due to 
the low mass, is expanded by a factor of 2 in 
this figure. It is evident that the configuration of 
the two enantiomers is directly imaged on the 
detector. As a racemic mixture of CHBrCIF was 
employed, an equal ratio for the S and R con- 
figurations was obtained within the statistical 
uncertainty [329 and 302 events for S and R, 
respectively, with |cos(®)| > 0.6 in each case]. At 
first sight, one might be surprised that the car- 
bon ion is detected in the same direction as the 
proton. This is due to the fact that the position 
of the center of mass is conserved; thus, H* and 
C’, as the lightest two ions of the system, are 
repelled from the slowly moving heavier ions, 
as has been confirmed with the help of molec- 
ular dynamics simulations. 

For CHBrCIF, the direct assignment of ab- 
solute configuration works unequivocally in the 
majority of fivefold coincidence events because 
of the comparatively large mass difference be- 
tween the ions. The situation is considerably more 
challenging for the case of isotopically chiral sys- 
tems. In the case of CHBrCl, (Fig. 4), not all five- 
fold fragmentation events allow an unambiguous 
assignment of the isotope masses to each frag- 
ment; hence, no determination of absolute con- 
figuration is possible for such events. However, a 
subset of events that permit a conclusive assign- 
ment can be selected by a procedure detailed in 
the supplementary materials (figs. S3 and S4 
and supplementary text). Again, as a racemic 
sample was used, an almost 50:50 ratio of S:R 
is detected [282:273 events (not corrected for 
outliers) with |cos(8)| > 0.6] (see fig. S5). 

The technique still has several limitations: 
Volatile molecules and a large amount of sub- 
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stance are required due to the molecular beam 
source. Comparatively simple, rigid structures 
were studied. In the case of more complicated 
molecules, the kinematic properties of the frag- 
ments may not directly illustrate the geometric 
structure, making the identification of the abso- 
lute configuration less straightforward. In this case, 
geometrical reconstruction or comparison with sim- 
ple molecular dynamics simulations might become 
necessary, especially when several stereogenic 
elements are present. On a technical level, the 
probability of multifragment detection decreases 
dramatically with the increasing amount of frag- 
ments, as both the fragmentation yield and the 
detection efficiency diminish exponentially with 
the increasing number of fragments. 

Stepwise fragmentation is a limitation as well. 
Additionally, when multiple ionization is slow com- 
pared with vibrational time scales, assignment 
can be hampered or even completely prohibited. 
For this purpose, faster ionization schemes with 
shorter laser pulses and higher laser intensity are 
required. 

The present imaging approach allows for de- 
termination of absolute configuration of gas phase 
molecules on a per-molecule basis. Apart from a 
rigid structural model, it does not require theoret- 
ical input. Besides structure determination, as dem- 
onstrated herein, the coincidence technique creates 
opportunities to study chirality in single molecules. 
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Achieving the Convention on 
Biological Diversity’s Goals for 


Plant Conservation 


L. N. Joppa,** P. Visconti,” C. N. Jenkins,” S. L. Pimm?* 


Identifying which areas capture how many species is the first question in conservation planning. 
The Convention on Biological Diversity (CBD) aspires to formal protection of at least 17% 

of the terrestrial world and, through the Global Strategy for Plant Conservation, 60% of plant 
species. Are these targets of protecting area and species compatible? We show that 67% of 
plant species live entirely within regions that comprise 17% of the land surface. Moreover, 
these regions include most terrestrial vertebrates with small geographical ranges. However, the 
connections between the CBD targets of protecting area and species are complex. Achieving 
both targets will be difficult because regions with the most plant species have only slightly more 


land protected than do those with fewer. 


and thus usually necessary, if not always 

sufficient, to protect species. Their effec- 
tive allocation is vital to slow present extinction 
rates that are 100 to 1000 times faster than the 
natural background rate (7). The Convention on 
Biological Diversity’s (CBD’s) 20 Aichi Targets— 
agreed in October 2010 in Nagoya, Japan—extend 
to 2020 an international commitment to halt bio- 
diversity loss (www.cbd.int/sp/targets/). Target 
11 seeks formal protection of >17% of the ter- 
restrial world. One can use the most taxonomi- 
cally complete and spatially best-resolved data 
on species distributions (8)—birds (9), mammals 
(10), and amphibians (/0)—to assess this target 
(1). Unfortunately, these are a taxonomically 
limited subset of ~23,000 terrestrial species from 
more than a million described animal species 
with many more as-yet unknown (/2). This raises 
concerns about their representativeness for set- 
ting global conservation priorities. By contrast, 
plants form a large taxonomic sample with >350,000 
described species and ~15% awaiting description 
(73). Important in themselves, plants influence 
the diversity of insects (/4) and other animals. In 
2010, the CBD updated the Global Strategy for 
Plant Conservation (GSPC) (//), seeking protec- 
tion for 60% of plant species as a critical indicator 


Pe areas are broadly effective (/—6) 
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toward CBD goals. Are these targets of protect- 
ing area and species compatible? 

Satisfying the joint aspirations of the CBD’s 
Aichi Target 11 and the GSPC will be difficult. 
First, by 2009, the world had protected ~13% of 
global land area (/5), but half of the world’s ma- 
jor habitat divisions—ecoregions (/6)—did not 
meet a target of 10% coverage. Some ~75% of them 
had <10% of their area strictly protected (/5). Present 
conservation efforts bias toward lands that are 
high, cold, dry, or otherwise far from people— 
often a mismatch with where conservation needs 
are pressing (/7). These statistics show that pro- 
tected areas are not representative of terrestrial 
environments, but they do not address species 
targets directly. 

Second, for plants, as for most taxa, unre- 
solved issues of taxonomy generate uncertainties 
in how many species there are amid existing cat- 
alogs of described species and how many are still 
missing from them (/3, /8). Target 1 of the GSPC 
is to complete “a widely accessible working list of 
all known plant species, as a step toward a com- 
plete world flora” (79). Major international bo- 
tanic gardens responded in 2010 with “The Plant 
List” (www.theplantlist.org)—a working list of 
all known plant species. Here, we analyze a sub- 
set of ~109,000 species taken from the World 
Checklist of Selected Plant Families (WCSP) 
(20). For this subset, literature compilers and 
taxonomists have attempted a consensus over- 
view of the current state of knowledge of select 
families, including correct names for currently 
accepted species and their synonyms. For this 
quarter of the world’s plant species, we pre- 


viously predicted where as-yet undescribed 
species likely live (78). 

Third, species’ distributional data are im- 
perfect (27). Elsewhere, we map birds, mammals, 
and amphibians on a scale of 10 km by 10 km 
(8). We compare them to plant distributions 
below. The details of these animal distributions 
are exceptional; plant distributional data are 
coarser. Flowering plant species in the WCSP 
are tagged to one or more of the 369 countries or 
geographic regions delineated by the International 
Taxonomic Database Working Group (22). Fur- 
ther details on the species and regions are in the 
supplementary materials (23). Nonetheless, this 
spatial scale captures the essential first step of 
comparing targets of area protected to species 
protected. 

More problematic is that plant distributional 
data are species lists from regions where the largest 
region is 2 million times the area of the smallest. 
For the biodiversity hotspots of Myers et al. (24), 
the ratio is ~130. The relationships of numbers 
of species (S) to area (A) are well described by 
S=cA’;c andz are parameters. Because z is <1, 
species densities, S/A, generally decline with in- 
creasing area. This makes objective comparisons 
of areas—and the designation of conservation 
priorities—challenging. On the basis of species’ 
totals alone, apparent priorities tend to be the 
largest regions; those based on species’ densi- 
ties, the smallest ones. Further complicating mat- 
ters, z depends on circumstance: Islands, continuous 
areas within continents, and biogeographical- 
ly unrelated regions have different character- 
istic values (25). This fact dashes hopes of a 
single, global correction of species’ numbers 
by a simple function of area to permit regional 
comparisons. 

We can address this issue directly, because 
our results fall from quantitative databases and 
not the expert opinions used by Myers et al., 
which are impossible to replicate or update. Our 
solution uses a greedy algorithm to accumulate 
species found only within a progressively larger 
set of regions (“endemic densities”; Fig. 1 and 
table S1b). We scale our results to 100,000 plant 
species and to 1000 km”. 

Regions with the highest densities enter first, 
followed by those adding progressively fewer 
new species to the aggregated total. Thus, the first 
43 regions to enter are all islands, followed by 
Costa Rica. In the data that we consider, Costa 
Rica has 791 endemics and adds all of these, 
reducing the accumulated endemic density to 29. 
Panama enters next. It has 775 endemics, but adds 
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Fig. 1. Endemic accumulation map. Colors show the numbers of endemic species as they add to the total, given the inclusion of higher priority 
regions within the accumulated set scaled to 100,000 plant species and by 1000 km? of accumulated area. 


1309 species to the accumulated total because 100 25 
additional species are endemic to Panama and 
Costa Rica combined. The accumulated endemic 
density of these 45 regions is now 25. 


We obtain a broadly similar map when op- 
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timizing for species richness instead of number of Venezuela ,' 20 

endemic species (“richness densities”; fig. S1 and o 75 , eed = 
® U razilian Amazon 

As much as the discrete and variable areas of ® ' © 
2. , 3 
the plant regions permit, the advantage of greedy 7) Ms weuian 15 . 
algorithms is that they create a continuous curve = a a soe a 
of increasing areas and species. Figure 2 shows 8 ee rst) 
the accumulation curve optimized to capture spe- ® 50 eh ere 3 
cies only found within an accumulated set of re- a. S 
gions (endemics) and those incidentally captured i0 2 
(all species) by this set. 8 


Unlike the biodiversity hotspot approach in 
which areas and species are either included or 
not, our accumulations provide a continuous 25 
ranking on which the Aichi targets are entirely 
arbitrary benchmarks. Nonetheless, considering 
the 17% target—an area of ~24.3 million km?— 
allows useful comparions. 

First, the regions that we select encompass 
part of the ranges of 81% of the plant species and 0 - - - - - - 110 
all of the ranges of 67%. We are not suggesting 2 10’ 410’ 6 10’ 8 10’ 110° 1.2 10° 
that we could protect all of these regions and : 2 
nothing else, but this hypothetical 17% sets the Gumiulatlve-area (km) 
bar for achieving the GSPC goal via CBD Target Fig. 2. Species and protected area accumulations. Black lines: species found within (dashed line) or only 
11, as shown by the red crossed lines in Fig. 2. Within (solid line) accumulating areas. The red cross shows targets of 60% species and 17% of land area 
protected. Green lines: the cumulative percentages of areas receiving some protection (dashed line, IUCN classes | 
to VI plus indigenous and other areas) and the greatest protection (solid line, IUCN classes | and II). 


IUCN 1 & Il 


(By optimizing just for species richness, a similar 
set of regions captures 86% of species in the 
same total area; see fig. S2 and table S1a). 


Second, for any benchmark, we must ask as-good solutions surround this optimum? The Third, our selected regions are important 
whether our greedy accumulation algorithm is supplementary materials detail ouruse ofagenetic _ for terrestrial vertebrates. We find that 89% of 
optimal. Moreover, to what extent do otheralmost- algorithm to answer these questions. bird species, 80% of amphibians, and 74% of 
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mammals live within them. Percentages for spe- 
cies with ranges smaller than the median geo- 
graphical size—those with a much higher risk of 
being threatened—are 88, 82, and 73%, respec- 
tively (Fig. 3). 

Fourth, biodiversity hotspots cover only 
~17.4 million km? and capture 44% of endemic 
species (24). Not surprisingly, our formal opti- 
mization performs better, capturing 59% in the 


Small-ranged 


Por as 


2 200 spp 


Fig. 3. Plant regions and endemic vertebrates. The distribution of 
species of birds, mammals, and amphibians (color-coded) with smaller 
than the median geographical range (8) against the regions with 17% of 
the terrestrial surface and 67% of plant species as endemics (dark gray). 


es Identified Endemism Regions 
HO Biodiversity Hotspots 


Birds 


same amount of area. It also captures 74% of all 
plant species, a number Myers et al. could not 
estimate. What is notable is not the better per- 
formance of our approach, but the similarities 
and differences in the regions chosen between the 
two approaches (Fig. 4). 

The areas that we omit have much to do with 
spatial resolution. Hotspots include montane 
forest of East Africa and the Western Ghats of 


India, plus southwestern Australia, and the 
coastal moist forests of West and East Africa. 
These areas are not included in our selections 
because they are embedded in much larger 
regions. The finer-scale vertebrate data also show 
the importance of these regions, plus others 
including the forests along Australia’s eastern 
seaboard (Fig. 3). Conversely, Myers et al. con- 
sidered levels of habitat loss and so excluded 
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Fig. 4. A comparison of this paper's identified regions (blue) and biodiversity hotspots (24). 
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New Guinea, which we do not. Our inclusion of 
Turkey and the Middle East, Japan, Korea, and 
more of China, northern South America, and 
Southern Africa reflects our estimates of their 
numbers of endemic species. 

Our results have five consequences. 

1) Broadly, tropical and subtropical islands, 
moist tropical and subtropical forests (especially 
those in mountains), and Mediterranean ecosys- 
tems hold concentrations of plant endemics. The 
majority of as-yet undescribed plant species also 
live in these regions (/8). Further discoveries 
would likely enhance their importance. 

2) Our figures suggest the achievement of 
Aichi goals by concentrating protected areas in 
regions of highest endemism. Had nations al- 
ready implemented this strategy, we would see 
proportionally greater protection rates where 
species densities are high. Figure 2 shows that, 
within the regions we select, strict protected areas 
[International Union for Conservation of Na- 
ture (IUCN) classes I and II (26)] occur at only 
slightly higher rates than in nonselected regions. 
The most important areas include Costa Rica and 
Panama, which have >10% of their land in IUCN 
classes I and II. This is a weak trend, however. 
When considering all the categories of protection 
(IUCN I to VI plus indigenous territories), the 
total protected is much higher, but the trend 
similar. 

3) The ability of protected areas to protect de- 
pends upon the nature and location of threats 
(2, 5). For example, within our 17% set, 9.4% of 
plant species are endemic to a total of ~1.9 mil- 
lion km? of islands. Island plants suffer greatly 
from introduced species (27), something the es- 
tablishment of protected areas does not com- 
pletely address. 

4) Figure 2 (and see table S1b) show a hitherto 
poorly appreciated effect of indigenous areas. In 
tropical South America, these protect large areas 
of tropical moist forest with high plant richness. 

5) Overall, the global land area currently 
protected, ~13%, is close to Aichi’s 17%. This 
seems encouraging. However, of the 17% that 
contains the entire range of 67% of the world’s 
plant species, only 14% is protected in some way, 
barely more than the global average. 

The total area protected imperfectly measures 
species’ protection, however. Even with perfect 
data on species’ distributions, the “Noah’s Ark 
effect ” (28) renders simple optimal allocation of 
priority areas meaningless. A small total area—a 
metaphorical “ark’—can capture many species 
but ignore long-term viability. Numerous protected 
areas of large aggregate size may house many 
species, but be individually too small to maintain 
viable populations. How small is “too small’ de- 
pends on the species—tigers demand more area 
than tiger lilies—as well as the distribution of 
habitat fragments (29) and levels of threat (2, 5). 
How much area countries should protect—and 
where—are ecological questions. Political practi- 
calities dominate actions, as the Aichi target of 
17% testifies. 
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Lignin is a major component of plant secondary cell walls. Here we describe caffeoyl shikimate 
esterase (CSE) as an enzyme central to the lignin biosynthetic pathway. Arabidopsis thaliana cse 
mutants deposit less lignin than do wild-type plants, and the remaining lignin is enriched in 
p-hydroxyphenyl units. Phenolic metabolite profiling identified accumulation of the lignin pathway 
intermediate caffeoyl shikimate in cse mutants as compared to caffeoyl shikimate levels in the 
wild type, suggesting caffeoyl shikimate as a substrate for CSE. Accordingly, recombinant CSE 
hydrolyzed caffeoyl shikimate into caffeate. Associated with the changes in lignin, the conversion 
of cellulose to glucose in cse mutants increased up to fourfold as compared to that in the wild type 
upon saccharification without pretreatment. Collectively, these data necessitate the revision of 
currently accepted models of the lignin biosynthetic pathway. 


cular land plants. The hydrophobic and strengthen- 
ing nature of lignin enables conducting xylem 
vessels to transport water and nutrients from the 


nolic polymer deposited in the secondary 


T= evolutionary emergence of lignin, a phe- 
cell wall, allowed the development of vas- 
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roots to photosynthetic organs while withstand- 
ing the negative pressure caused by transpiration 
(/, 2). The strengthening of fiber cells by ligni- 
fication allows vascular plants to grow tall and 
stand upright (/, 3, 4). However, these very same 
physicochemical properties of lignin are a barrier 
to the isolation of cellulose fibers by chemical pulp- 
ing and the enzymatic hydrolysis of cell wall poly- 
saccharides in biorefining. Biomass feedstocks 
with less lignin or with more-degradable lignin 
would reduce the high processing costs and carbon 
footprint of paper, biofuels, and chemicals (5). 

The lignin biosynthetic pathway has been ex- 
tensively studied (6-10). In dicotyledonous plants, 
lignin is mainly synthesized from two monomers 
or monolignols, coniferyl alcohol and sinapyl 
alcohol (6, //, 12), that upon incorporation into 
lignin give rise to guaiacyl (G) and syringyl (S) 
units, respectively. p-Coumary] alcohol gives rise 
to the less abundant p-hydroxyphenyl (H) lignin 
units. 3-Hydroxylation of the aromatic ring, 
catalyzed by p-coumarate 3-hydroxylase (C3H, 
Fig. 1), diverts flux away from H lignin and 
toward G and S lignin. The discovery that C3H 
accepts p-coumaroyl shikimate and quinate es- 
ters as substrates (/3—/5) led to the identification 
of hydroxycinnamoyl-CoA:shikimate/quinate 
hydroxycinnamoyltransferase (HCT) as the enzyme 
catalyzing the preceding step, the production 
of p-coumarate esters from p-coumaroyl— 
coenzyme A (CoA) (/6) (Fig. 1). The suggestion 
that HCT also catalyzes a second reaction in the 
lignin pathway, converting the resulting caffeate 
esters into caffeoyl-CoA (/6), was attractive be- 
cause it brought the interpreted pathway back to 
the next expected intermediate, caffeoyl-CoA. 
Here we describe caffeoyl shikimate esterase 
(CSE, encoded by Atl g52760) as an enzyme in 
the lignin biosynthetic pathway that, together 
with 4-coumarate:CoA ligase (4CL), bypasses 
the second HCT reaction. 

CSE was first identified through a potential 
function in phospholipid repair upon oxidative 
stress (17). However, we identified CSE as a can- 
didate for involvement in lignification, based on 
analyses designed to identify genes coexpressed 
with known components of the lignin biosyn- 
thetic pathway. Of 13 genes identified by each of 
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three different coexpression software tools and 
publicly available data sets, 9 were established 
lignin pathway genes, but three, including CSE, 
had no known role in lignin biosynthesis (fig. S1 
and table S1). Of these three, only CSE was also 
identified as being coexpressed with lignin path- 
way genes in a set of lignin mutants (7). Consist- 
ent with the coexpression analysis, CSE-reporter 
fusion proteins expressed from transgenes (com- 
posed of the native CSE promoter, exons, and 
introns, fused to a reporter gene) were detected 
in lignifying vascular tissue of primary transfor- 
mants (fig. S2). 

To investigate a role for CSE in lignification, 
we studied two transfer DNA insertion mutants: 
cse-1, a knockdown mutant with an insertion in 
the promoter, and cse-2, a knockout mutant with 
an insertion in the second exon (fig. S3). Al- 
though cse-/ did not show developmental abnor- 
malities, the inflorescence stems of cse-2 mutants 
were 37% smaller and 42% lighter at senescence 
than were those of the wild type (Fig. 2 and fig. 
S4). CSE transcript levels analyzed by quantita- 
tive reverse transcription polymerase chain reac- 
tion were 6.3% of that in the wild type in cse-/ 
and undetectable in cse-2, the weak and strong 
mutant alleles, respectively (fig. S3). 

Analysis of transverse sections of cse-/ and 
cse-2 mutant stems revealed reduced autofluo- 
rescence and less intense Wiesner and Maule stain- 
ing in vessels and fibers of cse-2, indicative of 
reduced lignin content and fewer lignin S units 
(Fig. 2 and fig. S5). In addition, cse-2 mutants 
had collapsed vessel elements (Fig. 2), a phe- 
notype typical of plants with weakened second- 
ary cell walls (78). The mutant phenotype of 
cse-2 was complemented in stable transgenic lines 
in which expression of CSE was driven by the 
cauliflower mosaic virus 35S promoter (Fig. 2 
and figs. S4 and S5), verifying that the mutation 
of CSE is the cause of the observed phenotypes. 


C4H/C3H 


In order to examine the connection between 
CSE and lignification in more detail, senesced 
inflorescence stems of cse-/ and cse-2 were sub- 
jected to compositional analyses. The fraction of 
the dry weight made up by cell wall polymers 
after soluble molecules had been extracted (i.e., 
the cell wall residue) was significantly reduced 
from 79.8% in the wild type to 72.9% in the cse-2 
mutant (0.05 > P > 0.01) (table S2). The fraction 
of acetyl bromide-soluble lignin released from 
this cell wall residue was reduced by 17 and 
36% in the cse-/ and cse-2 mutants as compared 
to their corresponding wild-type controls (Fig. 2 
and table S2). The lignin composition of cse-2, 
determined by thioacidolysis and nuclear mag- 
netic resonance (NMR), revealed that the relative 
proportion of H units increased over 30-fold (Fig. 
2, fig. S6 and table S2). Milder compositional 
shifts were apparent in the lignin of cse-/ (table 
S2). The increase in the proportion of H units 
in both mutants suggests that CSE is active in 
the general phenylpropanoid pathway after the 
branch leading to H units but before the path- 
ways for G and S units diverge. At this part 
of the pathway, HCT, C3H, and caffeoyl-CoA O- 
methyltransferase (CCoAOMT) are also active 
(Fig. 1) and, accordingly, plants with reduced 
HCT and C3H activity also have lignin enriched 
in H units (14, 19, 20). 

Because lignin composition was altered in both 
cse mutant alleles, we expected to find a shift in 
phenolic metabolism. We analyzed methanol- 
soluble phenolics of stem extracts of both cse 
mutant alleles by liquid chromatography mass 
spectrometry (LC-MS) (5). The abundance of two 
compounds, both oligolignols containing G and 
S units, was reduced in each mutant allele (com- 
pounds 28 and 29; figs. S7 and S8 and table S3). 
These findings are consistent with the reduced 
biosynthesis of lignin in the cse mutants, because 
the abundance of oligolignols during Arabidopsis 
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Fig. 1. The lignin biosynthetic pathway incorporating the CSE-dependent reaction established 


in this study. 


SCIENCE www.sciencemag.org 


stem development is correlated with the amount 
of lignin (7). Of the 27 compounds with increased 
abundance in the cse mutants as compared to the 
wild type, 21 could be identified. Nineteen were 
caffeate- and ferulate-derived products (figs. S7 
and S8), of which caffeoyl shikimate was most 
abundant (Fig. 3). In addition, (hexosylated) H 
unit-containing oligolignols accumulated in the 
cse mutants, as well as a neolignan containing an 
H unit and ferulate (figs. S7 and S8). These data 
also support the hypothesis that CSE functions 
after the branch in the lignin pathway where G and 
S unit biosynthesis diverges from that of H units. 

Some of the compounds that accumulate in 
cse mutants relative to the wild type might be 
substrates for CSE. In order to test this possibility, 
we incubated purified recombinant CSE enzyme 
with extracts of cse-/ mutants, after the com- 
plexity of the extract had been reduced by chro- 
matographic separation into 96 fractions. Three 
compounds decreased in abundance upon treat- 
ment with CSE, and new compounds appeared 
in the same fractions (fig. S9 and tables S4 and 
S5). Caffeoyl shikimate, which was the compound 
that showed greatest abnormal accumulation in 
cse mutants, was almost completely hydrolyzed 


Thioacidolysis 
20 80 
18 MH units 
i iG units 
rn Ms units 
14 * 
x 
ge” 2 
£10 5 
= c 
& E 
8 2 
6 
4 
2 
o- wild cse-2 : Wild type cse-2 Wild type cse-2 
type 


Autofluorescence 


Maule 


(97%) by recombinant CSE into caffeic acid (fig. 
S9). Modeling the structure of CSE revealed that 
caffeoyl shikimate could fit into the active site 
(fig. S10). Correspondingly, crude extracts from 
cse-2 lignifying tissues were less able to hydro- 
lyze caffeoyl shikimate into caffeate than those 
of the wild type (fig. S11). We therefore suggest 
that caffeoyl shikimate is a substrate for CSE 
in vivo. Because caffeoyl shikimate is an ac- 
cepted intermediate in lignin biosynthesis (Fig. 1) 
(13, 15, 21), this places CSE in the lignin bio- 
synthetic pathway. The Michaelis-Menten con- 
stant (K,,) and maximum reaction velocity (Vinax) 
values of CSE for caffeoyl shikimate were 96.5 uM 
and 9.3 picokatals (pkat) per ug of protein, re- 
spectively (Fig. 3). We also tested p-coumaroyl 
shikimate, which is structurally similar to caffeoyl 
shikimate and an intermediate in the phenylpropanoid 
pathway, as a potential substrate of CSE (/3, /5). 
The Ki, and Vina, values of CSE for p-coumaroyl 
shikimate were 211 uM and 0.66 pkat per ug of 
protein, respectively. Thus, CSE showed a higher 
affinity for caffeoyl shikimate, with a Vinax/Km value 
that is 31 times greater than that for p-coumaroyl 
shikimate, suggesting that caffeoyl shikimate is 
the preferred CSE substrate. 
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Fig. 2. Phenotype and lignin characteristics of cse mutants. (A) Fully grown plants after cultivation 
for 8 weeks in short day photoperiods and for 5 weeks in long day photoperiods. Height and weight 
measurements are in fig. $5. (B) Transverse stem sections of cse-2 mutants and wild-type plants. Wiesner 
staining and additional images of cse-1, cse-2 CSE 1, and cse-2 CSE 2 sections are in fig. S5. Collapsed 
vessel elements are indicated by arrowheads. Scale bar, 100 um. (C) Lignin levels determined by the 
acetyl bromide method. See table S2 for lignin data of cse-1. ***0.001 > P; unpaired two-sided t test (D) 
Relative H:G:S lignin composition as determined by thioacidolysis (left) and from whole—cell wall NMR 
integrals (right). See table S2 for full thioacidolysis details. (E) Partial short-range *°C-*H [heteronuclear 
single-quantum coherence (HSQC)] spectra (aromatic region) of the cell walls of cse-2 mutants and wild- 
type plants. For the side-chain region of the HSQC spectra, see fig. S6. Error bars indicate + SEM. 
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Current lignin pathway models indicate that 
caffeoyl shikimate is converted to caffeoyl-CoA 
(Fig. 1) (7, 6, 16). When we tested whether this 
reaction could also be catalyzed by CSE with 
caffeoyl shikimate and CoA as substrates, only 
caffeate, but not caffeoyl-CoA, was produced 
(fig. S12). Our data suggest that current lignin 
biosynthetic pathway models should be revised 
to include the CSE-catalyzed conversion of caffeoyl 
shikimate into caffeate, although we cannot ex- 
clude the possibility that CSE can convert 
caffeoyl shikimate into other phenolic compounds 
in vivo. 

Because the Arabidopsis 4CLs involved in 
lignification (4CL1 and 4CL2) have Ky, and Vinax 
values of the same order of magnitude for both 
p-coumarate and caffeate (7, 22, 23), caffeate 
might be used by 4CL to form caffeoyl-CoA 
in vivo (Fig. 1). Current pathway models indicate 
direct conversion by HCT of caffeoyl shikimate 
and CoA into caffeoyl-CoA (/, 6, 16). We con- 
firmed that purified recombinant Arabidopsis 
HCT enzyme could indeed catalyze this reaction 
(fig. S13). These data show that caffeoyl shikimate 
may be a substrate for both CSE and HCT in vivo. 
A HCT-dependent route from caffeoyl shikimate 
to caffeoyl-CoA (Fig. 1) may explain how residual 
lignin in the cse-2 null mutant is synthesized. In 
addition, the C3H/C4H (cinnamate 4-hydroxylase) 
heteromeric complex may contribute to carbon 
flux toward lignin (Fig. 1), because homologs of 
these enzymes from poplar have been shown to 
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Fig. 3. Caffeoyl shikimate accumulates in cse 
mutants and is hydrolyzed by CSE. (A) Repre- 
sentative LC-MS chromatograms of wild type, cse-1, 
and cse-2 plants, showing the increased peak of 
caffeoyl shikimate in the cse mutants. See fig. S7 
and table $3 for full details. m/z, mass-to-charge 
ratio. (B) Enzyme kinetics curve measured with the 
recombinant CSE, showing that CSE accepts caffeoyl 
shikimate as a substrate. 


6 SEPTEMBER 2013 


1105 


REPORTS 


1106 


100 4 
* 
i * 
90 + a * 
tT ee 
a ee 
icant a 
5 70 4 = - 7 
2 
oO * 
z 604 £ 
8 7 —e— Wild-type control for cse-1 
® —e cse-1 
8 507-% . 
8 a / —u— Wild-type control for cse-2 
2 4o 4*! —mu— cse-2 
$ |i : 
S 30 4 * ‘* 
oO 
iS) 


0 T T 
0 10 20 30 40 50 
Time (h) 


Fig. 4. Cellulose-to-glucose conversion dur- 
ing saccharification of the senesced inflo- 
rescence stems of cse mutants. h, hours. Error 
bars indicate + SEM. *0.05 > P> 0.01, **0.01 > P> 
0.001, ***0.001 > P; unpaired two-sided f test. 


convert p-coumarate to caffeate (24). However, 
these alternative routes to lignin biosynthesis do 
not fully compensate for a loss of CSE activity, be- 
cause cse mutants are compromised in lignification 
and development. Likewise, the accumulation of 
caffeoyl shikimate that occurs in cse mutants sug- 
gests that HCT is relatively ineffective at metab- 
olizing this substrate in vivo. 

Lignin limits the processing of plant biomass 
to fermentable sugars (25, 26). Processing of cse 
mutant plants, which have reduced lignin con- 
tent, might yield more sugars on saccharification. 
We compared cellulose-to-glucose conversion 
of senesced stems from both cse mutants and 
wild-type plants. Cell wall residues of senesced 
inflorescence stems of cse-/ have normal amounts 
of cellulose, whereas those of cse-2 have 73% of 
the normal amount of cellulose (table $2). The 
cellulose-to-glucose conversion of the unpre- 
treated cell wall residue was monitored over a 
period of 48 hours (Fig. 4); when the plateau 
was reached, the conversion had increased from 
~18% in the wild type to ~24% in cse-/ (i.e., a 
relative increase of 32%) and to ~78% (fourfold 
higher than in the wild type) in cse-2. Therefore, 
saccharification efficiency increases as lignin 
content decreases. On a plant basis, cse-2 mutants 
released 75% more glucose than the wild type. 
Saccharification efficiency from material derived 
from cse-2 plants is similar to that of ccr1-3, a 
mutant in the lignin pathway gene for cinnamoyl- 
CoA reductase that has the highest saccharifica- 
tion efficiency described so far (26). 

We found orthologs of CSE in a wide range 
of plant species (fig. $14), including biofuel 
feedstocks such as poplar, eucalyptus, and switch- 
grass. Consistent with a potential conserved role 
in lignification, CSE copurifies with lignin bio- 
synthetic enzymes in extracts from poplar xylem 
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(27). The characterization of CSE in other species 
will reveal how widely the revision of the lignin 
biosynthetic pathway we propose here applies 
and whether CSE could be a generally useful 
target for reducing cell wall recalcitrance to di- 
gestion or industrial processing in biomass crops. 
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Epigenetic Regulation of Mouse Sex 
Determination by the Histone 
Demethylase Jmjdia 


Shunsuke Kuroki,’ Shogo Matoba,? Mika Akiyoshi,? Yasuko Matsumura,’ Hitoshi Miyachi,* 
Nathan Mise,”* Kuniya Abe,” Atsuo Ogura,” Dagmar Wilhelm,*+ Peter Koopman,? 
Masami Nozaki,’ Yoshiakira Kanai,” Yoichi Shinkai,°¢ Makoto Tachibana™’’} 


Developmental gene expression is defined through cross-talk between the function of transcription 
factors and epigenetic status, including histone modification. Although several transcription 
factors play crucial roles in mammalian sex determination, how epigenetic regulation contributes 
to this process remains unknown. We observed male-to-female sex reversal in mice lacking the 
H3K9 demethylase Jmjd1a and found that Jmjd1a regulates expression of the mammalian Y 
chromosome sex-determining gene Sry. Jmjdi1a directly and positively controls Sry expression by 
regulating H3K9me2 marks. These studies reveal a pivotal role of histone demethylation in 


mammalian sex determination. 


tion factors, including the factor encoded by the 
Y chromosome gene Sry (/, 2), have been shown 
to play crucial roles in mammalian sex differen- 


he development of two sexes is essential 
for the survival and evolution of most 
animal species. Although several transcrip- 
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tiation, the contribution of epigenetic regulation 
to this process is largely unknown. Sry is required 
for male development (3), with sufficient and 
temporally accurate expression being critical for 
triggering the testis-determining pathway (4, 5). 

Posttranslational modifications of histones are 
correlated with various chromatin functions, in- 
cluding control of gene expression. Among them, 
methylation of lysine 9 and lysine 4 of histone 
H3 (H3K9 and H3K4) are hallmarks of tran- 
scriptionally suppressed and activated chromatin, 
respectively (6). Jmjd1a (also called Tsga/Jhdm2a/ 
Kdm3a), an enzyme that demethylates H3K9, is 
crucial for gene activation in spermiogenesis and 
metabolism (7—/2). 
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Fig. 1. Jmjd1a-deficient mice show XY sex reversal. 
(A) Internal genitalia of partially sex-reversed XY Jmjd1a- 
deficient mice. Ov, ovary; Ut, uterus; Te, testis; Ep, epididymis. 
(B) Frequency analysis of abnormal sex differentiation 
between XY and XY°° mice, determined by examin- 
ing internal genitalia of adult mice. Genital classifica- 
tion is described in table $1 and fig. $1. Numbers of 
examined animals are shown above the bars. (C) Im- 
munofluorescence analysis of E13.5 gonads. Sox9 and 
Foxl2 mark testicular Sertoli and ovarian somatic cells, 
respectively. Scale bar, 100 «um. (D) Quantification of 
Sox9- and Foxl2-positive cells in E13.5 gonads. Num- 
bers of examined embryos are shown above the bars. 
Data are presented as mean + SE. **P < 0.01; ***P < 


0.001 (Student's ¢ test). 
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When analyzing Jmjd/a-deficient (JmjdlaA/A) 
mice, which had been established from C57BL/6 
(B6) x CBA F1 embryonic stem cells (//), we 
found that XY animals were frequently sex- 
reversed (table S1), either partially (12 of 58 an- 
imals) with a testis and an ovary (Fig. 1A) or 
completely (34 of 58 animals) with two ovaries 
(fig. $1). In contrast, all XY Jmjdla"* and XY 
JmjdlaA/* mice had two testes (Fig. 1B and 
table S1). Notably, some of the completely sex- 
reversed animals were fertile (tables S1 and $2). 
The generation and comparison of XY Jmjd1a- 
deficient mice, carrying the Y chromosome from 
either CBA (Y°?4) or B6 (Y®*) on a B6 auto- 
somal background (fig. S2), revealed that the 
sex-reversal phenotype was dependent on not 
only the loss of Jmjd/a but also the genetic origin 
of the Y chromosome combined with the B6 
background. In total, 88% of XY“? but only 
14% of Xy?° Jmjdla-deficient mice displayed 
abnormal sex differentiation (Fig. 1B). Spermio- 
genesis defects were observed in XY" as well 
as XY"° Jmjdla-deficient testes (fig. S1), as 
demonstrated previously (9, 12). XX Jmjdla- 
deficient mice underwent normal sex differen- 
tiation and were fertile (table S1 and fig. S1). 

To investigate the etiology of sex reversal, we 
examined expression of the testicular Sertoli cell 
marker Sox9 (/3) and the ovarian somatic cell 
marker Foxl2 (/4) in fetal gonads after sex 
determination at embryonic day 13.5 (E13.5) (Fig. 
1C). XY Jmjdla-deficient gonads contained both 


E13.5 gonads 


XY 8° A/+ XX A/+ 


XY CPA A/A 


XY ®° A/A 


Sox9/Foxl2/DAPI 
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Sox9- and Foxl2-positive cells (Fig. 1D), indicative 
of ovotestes and therefore partial primary sex re- 
versal, resulting from early failure of the testis- 
determining pathway. The number of Sox9-positive 
cells in XY®° JmjdJa-deficient gonads was 
higher than that in XY". This phenotypic dif- 
ference was sustained even after the ninth gen- 
eration of backcrossing to B6 (fig. S3). 

To address the molecular basis of this pheno- 
type, we determined the expression levels of Sry 
and its downstream target gene, Sox9. A quanti- 
tative real-time fluorescence polymerase chain 
reaction (RT-qPCR) analysis revealed that the Sry 
expression levels were reduced to approximately 
30% in XY Jmjdla-deficient gonads at E11.5 
[corresponding to 17 to 19 tail somite (ts) stages 
(Fig. 2A)]. Expression of Sry was significantly 
lower in xyes as compared to ba Gan in con- 
trol and mutant gonads. It is conceivable that the 
Sry expression levels in Jmjd/a-deficient gonads 
at E11.5 might be near the threshold level for 
inducing the male pathway, and therefore the 
genetic background-dependent difference of Sry 
expression may critically affect the subsequent 
sexual development. Sox9 expression was also 
reduced in XY Jmjd/a-deficient gonads (Fig. 2B). 

A coimmunofluorescence analysis demon- 
strated that the number of Sry- and Sox9-positive 
cells was reduced to ~25% in XY Jmjd1a-deficient 
gonads at E11.5 (Fig. 2, C to F). The number of 
Sry-positive cells in XY?“ gonads was slightly, 
but significantly, lower than that of XY®° gonads 
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at E11.5 (fig. S4), presumably due to the different 
Sry mRNA amounts between them. On the other 
hand, the number of cells expressing NrSal, an 
orphan nuclear receptor expressed in gonadal 
somatic cells (/5), was unchanged by Jmjdla 
deficiency (fig. S5). A terminal deoxynucleotidyl 
transferase-mediated deoxyuridine triphosphate 
nick end labeling (TUNEL) assay and antibody 
to Ki67 immunostaining analysis demonstrated 
that Jmjdla deficiency led to neither an increase 
in apoptosis nor a decrease in proliferation (fig. 
S6). In addition, we established a transgenic mouse 
line (LN#9) in which the gonadal somatic cells 
were specifically tagged with the cell surface 
marker protein CD271. The gonadal somatic cells 
were immunomagnetically isolated from these 
mice with high efficiency (fig. S7). Using these 
mice, we determined the numbers of gonadal 
somatic cells and found that control and mu- 
tant embryos contained similar numbers at E11.5 
(~4 x 10* cells per gonad pair) (fig. S8), indicating 
that Jmjdla deficiency did not affect gonadal 
somatic cell numbers. Thus, the critical role of 
Jmjdla during mammalian sex determination is 
to ensure Sry expression above the threshold level. 

To identify the critical step in the male sex- 
determining pathway that is controlled by Jmjdla, 
we used two different approaches. First, we per- 
formed a microarray analysis to address whether 
Jmjdla deficiency results in perturbed expression 


Fig. 2. Jmjd1a deficiency perturbs the expression of A 
Sry. (A and B) RT-qPCR analyses of Sry (A) and Sox9 (B) in 
XY gonads. Each of the samples included one pair of gonads/ 
mesonephros. Results were normalized to Gapdh, and the 
expression levels in XY" Jmjd1aA/* were defined as 1. Num- 
bers of examined embryos are shown above the bars. (C 
and E) Coimmunostaining profiles of Sry (C) and Sox9 (E) 
with the gonadal somatic cell marker, Gata4, in xy°®* 
gonads. (D and F) The ratios of the cells positive for Sry (D) 
and Sox9 (F) to the cells positive for Gata4. Scale bar, 50 
um. All data are presented as mean + SE. *P < 0.05; **P < 


0.01; ***P < 0.001 (Student's tf test). 
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of known genes required for Sry expression. The 
analysis of a total of 41,181 probes revealed 131 
genes, including Sry, with reduced (<0.5-fold) ex- 
pression in XY JmjdlaA/A, as compared to XY 
JmnjdlaA/" (table S3). However, Jmjd1a deficien- 
cy did not compromise expression of known Sry 
regulators (fig. S9), indicating that Jmjd1a contrib- 
utes to a different mode of Sry regulation. Second, 
we attempted to rescue the mutant phenotype by 
experimentally restoring Sry function, by cross- 
ing the Hsp-Sry transgenic mouse line (/6) into 
the Jmjd1a-deficient background. Forced expres- 
sion of Hsp-Sry transgene rescued the defect of 
testis cord development in XY Jmjd/a-deficient 
gonads to the similar levels of those of XY con- 
trol gonads (fig. S10). Furthermore, virtually no 
Foxl2-positive cells were observed in XY Jmjd1a- 
deficient gonads expressing the Hsp-Sry transgene 
(fig. S10), indicating that Sry acts epistatically 
to Jmjd/a in regulating male sex determination 
in mice. 

We next investigated the expression profile of 
Jmjdla protein during gonadal development. 
Jmjdla was detected in gonadal somatic and germ 
cells but not in mesonephric cells at E11.5 (18 ts) 
(Fig. 3A). A comparative RT-qPCR analysis re- 
vealed that Jmjdla was the most highly tran- 
scribed gene in E11.5 gonadal somatic cells, 
among those encoding enzymes involved in the 
maintenance of H3K9 methylation (fig. S11). An 
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RNA expression analysis indicated that the 
amount of Jmjdla mRNA increased from E10.5 
(8 to 10 ts) and reached a plateau around E11.5 in 
gonadal somatic cells (Fig. 3B). This temporal 
expression profile is consistent with direct regu- 
lation of Sry expression by Jmjdla. An immuno- 
fluorescence analysis demonstrated that Jmjdla 
deficiency resulted in an approximately two-fold 
increase in the signal intensities of H3K9me2 
in gonadal cells at E11.5 (Fig. 3, C and D), in- 
dicating its substantial contribution to H3K9 de- 
methylation. Sry expression is triggered in the 
center of XY gonads at around 12 ts (17, /8). 
We observed low levels of H3K9me2 through- 
out XY gonads at 12 ts (fig. S12), suggesting 
that Jmjdla demethylates H3K9mez2 before Sry 
expression. Abundant Jmjdla expression and 
low levels of H3K9me2 were also observed in 
XX gonads at E11.5 (fig. $13). 

To prove the direct link between Jmjdla func- 
tion and Sry expression, a chromatin immuno- 
precipitation (ChIP) analysis was performed, 
using purified gonadal somatic cells at E11.5. 
Jmjdla was bound to regulatory regions within 
the Sry locus in wild-type cells (Fig. 4, A and B). 
Jmjd1a deficiency led to a significant increase in 
H3K9me2 levels within the Sry locus (Fig. 4C), 
without changing histone H3 occupancy (Fig. 
4D). The H3K9mez2 levels of the Sry locus were 
indistinguishable between XY®° and XY°?“ 
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gonads at E11.5 (fig. S14), demonstrating the 
conserved role of Jmjd1a between these genetic 
backgrounds. The unchanged levels of H3K9me3 
at the Sry locus, with or without Jmjdla, indicated 
H3K9me2-specific demethylation by Jmjd1a (Fig. 
4E). Jmjd1a deficiency resulted in perturbed H3K4 
methylation of the Sry locus (Fig. 4F). In contrast 
to Sry, the H3K9me2 levels of Sox9 were un- 
changed by Jmjd/a deficiency (fig. S15), indicat- 


Fig. 3. Jmjdla is ex- A 
pressed in developing 
gonads and catalyzes 
H3K9 demethylation. 
(A) Coimmunostaining 
profiles of Gata4 and 
Jmjdia on sections of 
xy“ gonads. Enlarged 
box indicates that Jmjd1a 
signals were observed in 
gonadal somatic cells as 
well as germ cells (aster- 
isks). G, gonad; M, meso- 
nephros. Scale bar, 50 um. 
(B) Quantitative analysis 
of Jmjd1a transcripts in 
purified gonadal somatic 
cells. Expression is normal- 
ized to Gapdh. Numbers 
of examined embryos are 
shown above the bars. (C) 
Coimmunostaining profiles 
of Gata4 and H3K9me2 
in XY gonads. G, gonad; 
M, mesonephros. Scale bar, 
50 um. (D) Quantitative 
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ing that Jmjdla does not control Sox9 expression 
directly. Coordinated H3K9 demethylation/H3K4 
methylation was commonly observed in other 
Jmjdla target genes (fig. S15), suggesting that 
Jmjdla-mediated H3K9 demethylation is required 
for subsequent H3K4 methylation for transcrip- 
tional activation. Since Sry is located on the het- 
erochromatic Y chromosome, Jmjdla-mediated 
H3K9 demethylation may induce deheterochro- 
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comparison of the immunofluorescence intensities of H3K9me2 signals between gonadal and mesonephric 
cells. The intensities of H3K9me2 signals in Jmjd1aA/* mesonephric cells were defined as 1. MC, 
mesonephric cells; GC, gonadal cells. All data are presented as mean + SE. *P < 0.05; **P < 0.01 


(Student's t test). 


Jmjdta ChIP 
amp Got Gsc a m 
FS 31 HM uc 
—_-L_|on a) 
u u u u . 
Distal Circular prom. Linear prom. 3’UTR = 1 [ | 
2 9 : ; 
Distal Circular Linear 3’UTR 
prom. prom. 
H3K9me2 Pan-H3 E H3K9me3 e H3K4me2 Fig. 4. Jmjd1a directly 
20, 4 3 6 Aan 2 regulates H3K9 demeth- 
I I ylation in the Sry locus. 
515 sol] S4 5 3 (A) Diagram of the Sry locus 
£101; £ 2 £2 and the location of primer 
x 4 Ro x sets for ChIP-gPCR. (B) ChIP 
5 1 | analysis with antibody to 
0) Jmjdia, using purified xY¥* 
A/+ A/A A/+ A/A Alt AA Al A/A gonadal somatic cells. GSC, 
17/18ts 17/18ts 17/18ts 17/18ts 


gonadal somatic cells; MC, 
mesonephric cells. (C to 


F) ChIP analysis for H3K9me2 (C), pan-H3 (D), H3K9me3 (E), and H3K4mez2 (F) at the Sry linear promoter 
region of purified XY°* gonadal somatic cells. All data are presented as mean + SE. *P < 0.05; **P < 


0.01 (Student's f test). 
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matinization of Sry, to allow the access of the 
H3K4 methyltransferase and transcription factors 
(fig. S16). 

This work shows a crucial role of a histone 
demethylase in Sry expression. Another chroma- 
tin regulator, Cbx2, reportedly plays a role in Sry 
expression in mice (/9). However, in contrast to 
Jmjdla, Cbx2 up-regulates the expression of 
several positive regulators of Sry, such as Dax/, 
Gata4, Wtl, and Nr5al (19), suggesting that they 
might be involved in different phases of Sry 
expression. The discovery of the critical role of 
chromatin modification on Sry regulation not 
only provides new insights into the earliest steps 
of mammalian sex determination but also dem- 
onstrates the importance of epigenetic regulation 
in spatiotemporal gene regulation during embry- 
onic development. 
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Single-Cell DNA-Methylation Analysis 
Reveals Epigenetic Chimerism in 
Preimplantation Embryos 


Chanchao Lorthongpanich,’*+ Lih Feng Cheow,’+ Sathish Balu,* 
Stephen R. Quake,~”* Barbara B. Knowles,”’* William F. Burkholder,”*°t 
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Davor Solter,”” Daniel M. Messerschmidt™*4 


Epigenetic alterations are increasingly recognized as causes of human cancers and disease. 
These aberrations are likely to arise during genomic reprogramming in mammalian preimplantation 
embryos, when their epigenomes are most vulnerable. However, this process is only partially 
understood because of the experimental inaccessibility of early-stage embryos. Here, we 
introduce a methodologic advance, probing single cells for various DNA-methylation errors at 
multiple loci, to reveal failed maintenance of epigenetic mark results in chimeric mice, which 
display unpredictable phenotypes leading to developmental arrest. Yet we show that mouse 
pronuclear transfer can be used to ameliorate such reprogramming defects. This study not 
only details the epigenetic reprogramming dynamics in early mammalian embryos but also 
suggests diagnostic and potential future therapeutic applications. 


enomic imprinting ensures adequate mono- 
(5 parent-of-origin-specific gene ex- 

pression patterns in mammals (/). The 
importance of this process is reflected in increas- 
ing recognition of human syndromes related to 
imprinting defects (2, 3). Because genomic im- 
printing relies on locus-specific differentially meth- 
ylated regions (DMRs), these defects can arise 
from both genetic and epigenetic mutations. These 
epimutations often simultaneously affect multi- 
ple loci, causing complex and little-understood 
phenotypes (2, 3). 

Recent studies suggest that imprints are es- 
tablished in a two-step process of DNA methyl- 
ation in the germline and subsequent, site-specific 
DNA-methylation maintenance during reprogram- 
ming in the preimplantation embryo (4, 5). DNA 
methyl transferase 1 (DNMT1), primordial germ 
cell protein 7 (PGC7)/STELLA, zinc finger pro- 
tein 57 (ZFP57), and tripartite motif—containing 28 
(TRIM28) are each required for DMR protec- 
tion in the face of global DNA demethylation 
(6-13). It has been proposed that detrimental 
epimutations most likely occur when these main- 
tenance mechanisms fail (2, 4). ZFP57, which 
only binds methylated imprinted alleles, mediates 
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specific DNA-methylation maintenance, recruit- 
ing DNMT1 through the scaffolding protein 
TRIM28 (0, 14, 15). Active targeting of DNMT1 
is thought to be required because nuclear DNMT1 
levels are very low in the preimplantation em- 
bryo facilitating genome-wide DNA demethyla- 
tion (16). Disrupting this targeting complex very 
early in development, by eliminating maternal 
Trim28, causes stochastic DMR demethylation, 
which results in the phenotypic variability pro- 
posed to be caused by epigenetic chimerism (//, /2). 
Similarly, loss of the oocyte-specific DNMT1 


variant results in mosaic defects in postimplan- 
tation embryos, whereas full deletion of DNMT1 
causes complete loss of imprinting (6, 7, 3). 
Although it has been inferred that epigenetic 
mosaicism could emerge during the early pre- 
implantation phase of development (6, /2), how 
such chimerism is established in time and space 
has not been conclusively demonstrated. To ad- 
dress these dynamics, we combined methylation- 
sensitive restriction digestion (/7) and multiplexed 
quantitative real-time polymerase chain reaction 
(PCR) in a microfluidics device (Fig. 1A, detailed 
description in supplementary information) to ana- 
lyze, simultaneously, six imprinted loci in single 
cells. The assay was validated by addressing 
DMR methylation in control oocytes (Zrim28’). 
Attesting to its robustness, we found that pater- 
nally imprinted regions were indeed unmeth- 
ylated (Fig. 1B, Trim28/), whereas maternally 
imprinted loci were reliably shown to be meth- 
ylated (Fig. 1C, Trim28/ ). We next used a Zp3-cre 
knock-out strategy (//) to genetically remove 
Trim28 from oocytes (Trim28""") and addressed 
the effect of its absence on DMR methylation. 
DMR-methylation patterns remained unchanged 
compared with those of controls (Fig. 1, B and C, 
Trim28"“), demonstrating that TRIM28 is not 
required for imprinting maintenance in growing 
and mature oocytes. 

In contrast to the stable environment in the 
mature oocyte, epigenetic reprogramming initiates 
shortly after fertilization (18). Because the oocyte 
and embryo are transcriptionally silent until zygotic 
gene activation (ZGA) at the late two-cell stage, 
early embryonic processes, such as protection of 
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inherited imprints, rely on maternal gene products. 
Mutation, reduction, or lack of maternal factors; 
developmental noise; or even environmental cues 
can result in epimutations at imprinted gene loci. 
Maternal deletion of 7rim28 causes such a defect, 
which cannot be rescued by 7rim28 reexpression 
from the paternal allele at ZGA (//). We and 
others have previously proposed that a combina- 
tion of DNA-methylation—dependent targeting of 
TRIM28/DNMT1 through ZFP57, maternal ab- 
sence, and paternal reexpression of TRIM28 could 
cause stochastic and mosaic imprinting defects in 
these embryos (/2). 

To conclusively demonstrate the occurrence 
and frequency of such defects, we used the single- 
cell assay to examine imprinted DMR states in 
maternal Trim28-null (Trim28"") and control 
(Zrim28”*) eight-cell embryos. Single-cell reso- 
lution was achieved by mechanically separating 
embryos into eight blastomeres (/4), which were 


individually analyzed (Fig. 2A). Nearly all con- 
trol blastomeres (99.3%, n = 288 DMRs) carried 
methylated alleles for each examined locus (Fig. 
2B and fig. S1A), demonstrating very robust im- 
print maintenance during ongoing epigenetic 
reprogramming. However, blastomeres derived 
from maternal 7rim28-null embryos displayed 
highly variable degrees of hypomethylation at all 
tested loci (Fig. 2B and fig. S1B). Loss of DNA 
methylation was not uniform across analyzed 
DMRs, embryos, or even among blastomeres of 
a given embryo. A histogram of the number of 
demethylated loci per cell, observed in 121 blas- 
tomeres from 16 maternal mutant embryos (Fig. 
2B and fig S1B), followed a Poisson distribu- 
tion, showing that the loss of DNA methyla- 
tion occurred randomly and independently at 
similar average rates across all cells (Fig. 2D). 
In agreement with observations in postimplan- 
tation maternal-null 7rim28 embryos (//), we 
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Fig. 2. Mosaic DMR-demethylation defects in maternal Trim28 mutants. (A) Eight-cell embryos 
were dissected, and blastomeres were subjected to analysis. The methylation state for six DMRs in single 
blastomeres of (B) four Trim28/* and (C) six Trim28"%* eight-cell embryos is shown. Black dot indicates 
DNA methylation, both amplicons were detected after BstUI digest; white dot, no DNA methylation, only 
the small amplicon was detected; X, neither amplicon was detected. (D) The number of demethylated loci 
per cell follows a Poisson distribution (Poisson parameter A equals the experimental mean, 1.2; data were 
pooled across six loci for maternal Trim28-null 121 blastomeres). (E) Both missing and developing eye of 
an 18.5—days postcoitus (dpc) maternal 7rim28-null fetus is shown. (F) Control and maternal-mutant 
11.5-dpc embryos were tested for H19(G-DMR methylation by bisulfite conversion/pyrosequencing. 
Methylation levels in mutants range between normal (50%) and fully unmethylated, indicating chimeric 
imprinting defects. Error bars, standard deviation of three technical replicates. 
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noted that the H/9 locus had a significantly 
higher incidence of demethylation (44/116 blas- 
tomeres) compared with the demethylation rate 
averaged across all loci (Fisher’s exact test, P = 
6.2 x 10 >). However, the degree of demethyl- 
ation is notably lower than predicted assum- 
ing full penetrance of the maintenance defect 
and semiconservative DNA replication. This sce- 
nario should result in six demethylated and 
two hemimethylated blastomeres at the eight- 
cell stage, which is only occasionally observed 
(fig S1B), considering that BstUI is inhibited by 
DNA hemimethylation (/9). This incomplete pen- 
etrance can be explained by methylation protec- 
tion, mediated by factors such as PGC7/STELLA 
and possibly by rare ZFP57/TRIM28-independent 
binding of DNMT1. It is important to note that 
ZFP57 can interact with a hemimethylated target 
sequence (20), which can attract paternal TRIM28 
translated after ZGA (J//) to restore full methyl- 
ation. However, ZFP57 cannot interact with de- 
methylated loci, which are not restored. 

Despite incomplete penetrance, examining 
only 6 of 21 known germline DMRs reveals the 
prodigious potential for imprinting defect com- 
binations, the phenotypic outcome of which will 
further depend on blastomere viability, and their 
contribution to the embryo proper. This mosa- 
icism may account for phenotypic traits, such as 
occasional hemi-anophthalmia in maternal-null 
Trim28 fetuses (Fig. 2E), which are hard to ex- 
plain by simple genetics. Additionally, this chi- 
merism translates into incomplete demethylation 
patterns when analyzing DMR methylation of 
DNA from whole-embryo lysates (Fig. 2F). 

Although highly expressed in oocytes (//), 
the role of TRIM28 in imprint maintenance is 
restricted to postfertilization stages. To further 
define the temporal requirement for TRIM28, 
we created two different embryonic scenarios 
by pronuclei transfer (2/). Transferring control 
(Trim28”*) pronuclei into enucleated mutant 
(Trim28""™") zygotes should create a temporal 
reduction of maternal TRIM28, phenocopying 
the maternal 7rim28-null defects. On the other 
hand, placing maternal 7rim28-null pronuclei 
into enucleated control zygotes should provide 
TRIM28 to the mutant genome much earlier 
than achieved by ZGA, thus rescuing the defects. 
Control transfers (control pronuclei placed into 
control recipients) generated 64% viable wean- 
lings (Fig. 3A). Yet, when control pronuclei were 
transferred into 7rim28-null recipients, this sur- 
vival was strongly reduced (25%, Fig. 3B), sup- 
porting our premise that maternal TRIM28 is 
required immediately postfertilization, before, 
and possibly beyond ZGA. However, 25% survival 
contrasts with no survival of unmanipulated ma- 
ternal Zrim28-null embryos (Fig. 3D). Carry-over 
of DNA-bound TRIM28 in control pronuclei may 
increase the yield of viable offspring. 

Transferring the genetic material from a de- 
fective into a healthy, enucleated recipient egg 
or zygote can overcome mitochondrial disease 
(22-24). We asked whether early epigenetic defects 
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Fig. 3. Phenocopy and rescue of the maternal Trim28-null phenotype. (A) Control pronuclear 
transfer (64% viability) and schematic representation of early preimplantation development depicting 
maternalV/zygotic Trim28 expression. Mutant and control-derived embryos, pronuclei, and nuclei are 
shaded red and blue, respectively. PN, pronuclear stage; C, cell embryo; PNT, pronuclear transfer. (B) 
Phenocopy by transfer of control pronuclei into maternal Trim28-null zygotes (25% viability). (C) Partial 
rescue by transfer of mutant pronuclei into enucleated control zygotes (17% viability). (D) Zygotic 
expression of TRIM28 alone is not sufficient to support development (0% viability). E5.5, embryonic 
day 5.5; PO, postnatal day 0. (E) Immunostaining of TRIM28 in maternal Trim28-mutant pronuclei 
1 hour posttransfer. (F) H29 DMR methylation in tail biopsies from rescued mice displaying methylated 
(red arrowhead) and unmethylated (blue arrowhead) alleles comparable to a [(G), left] control transfer 
animal and in contrast to a [(G), right] maternal-null 12.5-dpc embryo with hypomethylated H19 DMR. 
Dral digestion shows efficiency of bisulphite conversion; the BstUI restriction site is protected from 
bisulphite mutagenesis if methylated. U, undigested; D, Dral; B, BstUl. 


caused by maternal deficiencies could also be 
rescued by this approach (Fig. 3C). Maternal 
Trim28-null pronuclei, when placed into enucleated 
control zygotes, displayed nuclear TRIM28 within 
1 hour of transfer (Fig. 3E). Indeed, early TRIM28 
presence allowed 17% of these embryos to de- 
velop into pups, in contrast to the total lack of 
viable pups obtained from unmanipulated ma- 
ternal 7rim28-null zygotes (Fig. 3D). These “res- 
cue pups” became fertile adults and showed 
normal H79 DMR methylation (the most fre- 
quently affected imprinted locus in maternal-null 
Trim28 mutants) in tail biopsies (10/10), compa- 
rable to controls and in contrast to maternal-null 
embryos (Fig. 3, F and G). The rescue again 
shows that 7rim28 is not necessary during oocyte 
maturation because 7iim28 null-derived pronuclei 
do support normal development. The incom- 
pleteness of the rescue is most likely explained 
by a very early, postfertilization requirement for 
TRIM28. Simultaneous transfer of both pro- 
nuclei requires their close proximity, which is 
reached only at the late pronuclear stage 3, when 
reprogramming and replication is well under way 
(25). Prolonged exposure to a maternal Trim28- 
null environment could cause sufficient, irrevers- 
ible damage to some pronuclei and thus reduce 
rescue efficiency. 

During early embryonic development, DNA 
methylation at imprinted gene loci is robustly 
maintained by several maternal factors, including 
TRIM28. By analyzing preimplantation embryos 
on a single-cell level, we show that absence of 
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maternal 7rim28 causes highly asynchronous, 
aberrant demethylation. This creates complex 
chimeras, providing an explanation for the in- 
numerable permutations of defects and compos- 
ite phenotypes previously described (//). Similar 
scenarios are likely to apply to other maternal 
factors but also to human imprinting syndromes. 
The variable degree of DMR hypomethylation 
observed in patients (2) likely reflects pools of 
normally and aberrantly imprinted cells, similar 
to the case of the maternal-null 7rim28 embryos 
(Fig. 2F). This type of mosaicism has been pro- 
posed for several imprinting syndromes, including 
transient neonatal diabetes (TND) (26). More- 
over, other rare human syndromes or embryonic 
defects resulting in molar pregnancies and abor- 
tion could also have their yet-unrecognized basis 
in the random multiplicity of epimutations (2). 
The single-cell DNA-methylation assay is a power- 
ful tool to address such defects and is well suited 
for accurate diagnosis in these patients or to 
address the occurrence of rare, random imprint- 
ing defects suspected to result from assisted 
reproductive technology (27). Last, we provide 
initial evidence for a potential therapeutic ap- 
proach. In mice, pronuclear transfer into healthy 
enucleated zygotes can ameliorate epimutations 
caused by the absence of maternal 7rim28, a 
scenario that might apply to other maternal epi- 
genetic regulators or to any maternal cytoplasmic 
defect. Homozygous mutations in ZFP57 have 
been described in some TND pedigrees (28), yet 
it remains to be seen whether homozygous female 


patients are fertile and their (maternal-null) prog- 
eny display imprinting defects. A pronuclear trans- 
fer approach, as it is already explored in humans 
to prevent mitochondrial disease (22-24), may 
be developed to prevent the development of 
epimutation-based imprinting syndromes. 
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Neuroendocrine Control of Drosophila 
Larval Light Preference 
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Animal development is coupled with innate behaviors that maximize chances of survival. Here, we 
show that the prothoracicotropic hormone (PTTH), a neuropeptide that controls the developmental 
transition from juvenile stage to sexual maturation, also regulates light avoidance in Drosophila 
melanogaster larvae. PTTH, through its receptor Torso, acts on two light sensors—the Bolwig’s 
organ and the peripheral class IV dendritic arborization neurons—to regulate light avoidance. We 
found that PTTH concomitantly promotes steroidogenesis and light avoidance at the end of larval 
stage, driving animals toward a darker environment to initiate the immobile maturation phase. 
Thus, PTTH controls the decisions of when and where animals undergo metamorphosis, optimizing 


conditions for adult development. 


nimal development is associated with 
Ami primitive, innate behaviors, al- 

lowing inexperienced juveniles to choose 
an environment that maximizes their survival 
fitness before the transition to adulthood. In in- 
sects, this transition is timed by a peak of ecdy- 
sone production induced by the prothoracicotropic 
hormone (PTTH) (/). In the larval brain of 
Drosophila, PTTH is produced by two pairs of 
neurosecretory cells projecting their axons onto 
the prothoracic gland (PG), where ecdysone is 
produced (2, 3). Transition to adulthood is asso- 
ciated with drastic changes in larval behavior: 
Feeding larvae remain buried in the food, where- 
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Fig. 1. PTTH controls Drosophila light preference. 
(A) Wandering third instar larval brain expressing 
CD8-GFP under the control of WP0394-Gal4 or NP0423- 
Gal4 drivers (green) were stained with antibody to 
PTTH (red). Scale bar, 100 um. (B) Foraging larvae 
were tested in a light/dark assay; n > 15 tests. Sta- 
tistical analyses for all figures are available in the 
supplementary materials. 
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as wandering larvae (at the end of larval devel- 
opment) crawl out and find a spot where they 
immobilize and pupariate (4, 5). Mechanisms al- 
lowing proper coordination of these behavioral 
changes with the developmental program remain 
elusive. 

Two pairs of neurons in the central brain 
were recently reported to control larval light avoid- 
ance (6). Using specific antibodies to PTTH, we 
established that these neurons labeled by the 
NP0394-Gal4 and NP0423-Gal4 lines corre- 
spond to the PTTH-expressing neurons (Fig. 1A 
and fig. S1). Moreover, silencing the pith gene by 
using NP0423-Gal4 or a ubiquitous driver (tub- 
Gal4) impaired light avoidance (Fig. 1B and fig. 
S2), indicating that PTTH itself controls this be- 
havior. PTTH activates Torso, a receptor tyrosine 
kinase whose knockdown in the PG prevents 
ecdysone production and induces a developmen- 
tal delay (fig. S3, A to C) (7). In contrast, knock- 
ing down ‘orso in the PG [as shown in (7)] did 
not cause any change in light avoidance (Fig. 1B), 
indicating that the role of PTTH in ecdysteroido- 
genesis is functionally distinct from its role in 
light avoidance behavior. 


Because in Drosophila the PTTH-producing 
neurons only innervate the PG (2, 3) (Fig. 1A 
and fig. S2), we reasoned that PTTH is secreted 
into the hemolymph and reaches the cells or 
organs involved in light avoidance. Consistent 
with this, inactivation of PTTH-expressing neu- 
rons affects light avoidance with 8 to 10 hours 
delay (Fig. 2A and fig. S4), arguing against PTTH 
neurons projecting directly on their target cells to 
control light avoidance. PTTH peptide is present 
in the PTTH-expressing neurons throughout lar- 
val development (Fig. 2B and fig. S5) and shows 
a marked increase before wandering (Fig. 2B), 
correlating with the rapid increase of ecdysteroido- 
genesis at this stage (3, 8). Using an enzyme- 
linked immunosorbent assay (ELISA), we found 
that PTTH is readily detected in the hemolymph 
with a fluctuation pattern similar to that of its 
accumulation in the PTTH-expressing neurons 
(Fig. 2C). Furthermore, hemolymph PTTH levels 
were significantly decreased upon RNA interfer- 
ence (RNAi)-mediated knockdown of pith in the 
PTTH-expressing neurons (Fig. 2C), suggesting 
that in addition to the paracrine control of ecdy- 
steroidogenesis in the PG, PTTH also carries 
endocrine function. 

Pan-neuronal knockdown of torso (elav> torso- 
RNAi®) recapitulated the loss of light avoidance 
observed upon torso ubiquitous knockdown 
(tub>torso-RNAi®”) (Fig. 3A), suggesting that 
PTTH acts on neuronal cells to control light 
avoidance. We specifically tested the potential 
role of torso in two neuronal populations previ- 
ously identified as light sensors in Drosophila lar- 
vae (5): (i) the Bolwig’s organ (BO) (9, 70) and (ii) 
the class IV dendritic arborization (da) neurons 
tiling the larval body wall (//). An enhancer trap 
analysis of torso, as well as in situ hybridization 
using a forso antisense probe, confirmed torso ex- 
pression in class IV da neurons (fig. S6A). In 
parallel, torso transcripts were detected by means 
of quantitative reverse transcription polymerase 
chain reaction in larval anterior tips containing 
the BO, and their levels were efficiently knocked 
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down by using the BO-specific drivers Kr5.1-Gal4 
(12) and Rh5-Gal4 (10), demonstrating torso ex- 
pression in the BO (fig. S6, B and C). The knock- 
down of torso in the BO (Kr5.1>torso-RNAi@? 
and GMR>torso RNAi®”) or in the class IV da 
neurons (ppk>torso-RNAi®”) (11, 13) abolished 
larval light avoidance (motoneurons serve as a 
negative control: OK6>torso-RNAi®”) (Fig. 3A) 
(74). Knocking down torso in both neuronal pop- 
ulations (ppk>, GMR>torso-RNAi®”) mimicked 
the effect observed with the BO driver or class 
IV da neuron driver alone. A similar loss of light 
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Fig. 2. Endocrine function of PTTH. (A) NP0423>, UAS-shi’*, and 
NP0423>shi® third instar larvae were tested in a light/dark assay after 
being exposed to Gal80** restrictive temperature (32°C) for the indicated 
times; n > 9 tests for each time point. (B) PTTH protein levels in the cell 
bodies of PTTH-expressing neurons, measured from confocal images of 


Fig. 3. PTTH/Torso signaling promotes light 
sensing in the BO and the class IV da neurons. 
(A) Light/dark preference of third instar larvae 
assayed in tissue-targeted RNAi or Kir2.1 over- 
expression larvae; n > 15 tests. (B) Activation of 
GCaMP3-expressing class IV da neurons after 2-s 
blue light (470 nm) illuminations (t = 0). (C) Quan- 
tification of the maximum somatic fluorescence 
(AF/F) of GCaMP3-expressing class IV da neurons; 
n> 20 neurons. (D) Light/dark preference of third 
instar larvae carrying torso, TrpA1, and/or Rh5S 
mutations; n > 15 tests. 
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avoidance was observed when these neurons were 
separately inactivated by expressing the hyper- 
polarizing channel Kir2.1 (GMR>Kir2.1 and 
ppk>Kir2.1) (Fig. 3A), suggesting that both of 
these light sensors are necessary for light avoid- 
ance behavior. Down-regulation of PTTH/Torso 
signaling did not lead to any neuronal morphol- 
ogy or locomotion defect (figs. S7 and S8, A 
and B), further indicating its direct effect on 
light sensing. The knockdown of torso in class 
IV da neurons or in the BO had no effect on the 
pupariation timing (fig. S3A). Taken together, 
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these results indicate that PTTH/Torso signaling 
is required for light avoidance behavior in two 
distinct populations of light-sensing neurons and 
that this function is separate from its role in con- 
trolling developmental progression. 

Drosophila light-sensing cells use photosensi- 
tive opsins that upon exposure to light, activate 
transient receptor potential (TRP) cation chan- 
nels, thus depolarizing the membrane and trig- 
gering neural activation (/5). Although the BO 
and class IV da neurons use different photosen- 
sitive molecules and TRP channels (5), one can 
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wild-type larval brains stained with antibody to PTTH. Larvae were raised 
on 16-/8-hour light/dark cycles, with dark periods highlighted in black. 
Quantification is in arbitrary units relative to the 74 hours after egg laying 
(AEL) time point. (C) Hemolymph level of PTTH at given time points AEL was 
determined by means of ELISA using antibody to PTTH. 
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Fig. 4. PTTH/Torso signaling promotes light avoidance during the 
entire larval period, allowing animals to move to a dark place for pupal 
development. (A) Foraging and wandering larvae with indicated genotypes 
were tested in a light/dark assay; n > 9 tests. (B) Light/dark preference for 


assume that PTTH/Torso signaling regulates 
the phototransduction pathway through a similar 
mechanism in both types of neurons. Immuno- 
histochemical detection of Rh5, the opsin involved 
in light avoidance behavior in the BO (5), showed 
no difference in protein level in forso mutant back- 
ground (fig. S8, A to C). PTTH/Torso signaling 
knockdown did not change the expression level 
of Gr28b, a gustatory receptor family gene that 
plays an opsin-like role in class IV da neurons 
(fig. S8D) (//). These results strongly suggest 
that PTTH affects signaling components down- 
stream of the photoreceptors. 

We next investigated the neural activity of the 
light sensors using the calcium indicator GCaMP3 
for live calcium imaging. forso mutant class IV da 
neurons showed a 25% reduction of their re- 
sponse to light as compared with that of control 
(Fig. 3, B and C). This was accompanied by a 
loss of light avoidance (Fig. 3D), indicating that 
such partial reduction of the GCaMP3 signal 
corresponds to a reduction of neural activity 
strong enough to exert a behavioral effect. In- 
deed, blocking the firing of class IV da neurons 
by using 7rpAI-RNAi (11) caused a similar 
25% reduction of the GCaMP3 signal (Fig. 3, 
B and C) and behavioral effect (Fig. 3A). This 
suggests that in da neurons, PTTH/Torso signal- 
ing exerts its action upstream of TrpA1 channel 
activation. Accordingly, we observed a strong 
genetic interaction between torso and TrpA/ mu- 
tants for light preference (Fig. 3D). We also de- 
tected a genetic interaction between torso and 
RhS5 mutants (Fig. 3D), further supporting that 
PTTH/Torso signaling affects a step in photo- 
transduction between the photoreceptor molecule 
and the TRP channel. Collectively, these data are 
consistent with the notion that PTTH/Torso sig- 
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naling acts to facilitate TRP activation downstream 
of photoreceptor-dependent light sensing. 

A previous study suggested that larval pho- 
tophobic behavior diminishes at the end of lar- 
val development, perhaps facilitating larval food 
exit and entry into the wandering phase (/6). 
Our present finding and the increase of PTTH at 
the beginning of the wandering stage (Fig. 2, B 
and C) appear to contradict such a hypothesis. 
Indeed, we detected a sustained larval light avoid- 
ance mediated by PTTH that persisted through the 
wandering stage (Fig. 4A). These results imply 
that wandering behavior is triggered by a signal 
distinct from light preference. Consistent with 
this notion, the timing of wandering initiation in 
ppk>torso-RNAi®” or Kr5.1>torso-RNAi”” larvae 
was found comparable with that of control animals 
(fig. S3D), despite the fact that these animals are 
not photophobic (Fig. 3A). 

As found in other insects, wandering is either 
directly or indirectly triggered by PTTH- induced 
ecdysone production (/7). Therefore, concomitant 
PTTH-mediated photophobicity could ensure that 
wandering larvae maintain a dark preference for 
pupariation site, providing better protection from 
predators and dehydration during the immobile 
pupal stage. To test this hypothesis, we devel- 
oped a light/dark preference assay for pupariation 
(fig. S9). When exposed to a light/dark choice, 
larvae indeed showed a strong preference to 
pupariate in the dark (Fig. 4B). This behavior was 
abolished either by inactivating PTTH-expressing 
neurons (ptth>Kir2. 1), by silencing ptth in the PTTH- 
expressing neurons (NP0423>ptth-RNAi, dicer2), 
or by introducing a torso mutant background 
(torso[e00150]/[1]) (Fig. 4B). Dark site prefer- 
ence for pupariation was observed in Drosophila 
populations collected in the wild (Fig. 4C), con- 


pupariation assayed on animals with indicated genotypes; n > 9 tests. (C) 
Light/dark preference for pupariation in six different isogenic wild Drosophila 
melanogaster lines; n > 7 tests. (D) Schematic representation of the two 
separate PTTH/Torso signaling functions at pupariation. 


firming that this innate behavior was selected in a 
natural environment. 

Our work illustrates the use of a single bio- 
chemical messenger, PTTH, for the concomitant 
control of two major functions during larval de- 
velopment (Fig. 4D). PTTH establishes a neuro- 
endocrine link between distinct neuronal components 
previously shown to be involved in light avoid- 
ance. In contrast to previous interpretations (/6) 
but consistent with another study (/8), we show 
that wandering 1s independent of light preference 
and that PTTH maintains a strong light avoidance 
response through to the time of pupariation. High 
levels of circulating PTTH during the wander- 
ing stage could reinforce the robustness of light 
avoidance, which might otherwise be compro- 
mised by active roaming. This eventually promotes 
larvae to pupariate in the dark, a trait potentially 
beneficial for ecological selection. PTTH is thus 
at the core of a neuroendocrine network, pro- 
moting developmental progression and appropri- 
ate innate behavioral decisions to optimize fitness 
and survival. 
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Conserved Regulation of Cardiac 
Calcium Uptake by Peptides Encoded 
in Small Open Reading Frames 


Emile G. Magny, Jose Ignacio Pueyo,* Frances M.G. Pear 
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Small open reading frames (smORFs) are short DNA sequences that are able to encode small 
peptides of less than 100 amino acids. Study of these elements has been neglected despite 
thousands existing in our genomes. We and others previously showed that peptides as short as 
11 amino acids are translated and provide essential functions during insect development. Here, 
we describe two peptides of less than 30 amino acids regulating calcium transport, and hence 
influencing regular muscle contraction, in the Drosophila heart. These peptides seem conserved for 
more than 550 million years in a range of species from flies to humans, in which they have 
been implicated in cardiac pathologies. Such conservation suggests that the mechanisms for heart 
regulation are ancient and that smORFs may be a fundamental genome component that should 


be studied systematically. 


housands of small open reading frames 

| (smORFs) exist in animal and plant ge- 
nomes, yet their relevance and functional- 

ity has rarely been addressed because of their 
challenging properties (/). Detection of small 
peptides requires specific biochemical and bio- 
informatics techniques that are rarely used in the 
characterization of whole genomes. Thus, the num- 
ber of translated smORFs and their biological func- 
tions are still unknown. We and others previously 
characterized a Drosophila gene, tarsal-less (tal/pri), 
encoding four smORFs as short as 11 amino acids 
that are translated and provide essential functions 
during development (2-4). These results demonstrate 
that extremely short smORFs can be functional 
and suggest, when extrapolated by bioinformatics 
and combined with the latest data from deep RNA 
sequencing, that hundreds of smORF-encoding 
transcripts exist in the fly genome (5). However, the 
tal gene is a single example and seems present only 
in arthropods (2, 3, 6), leaving the questions about 
the conservation and wider relevance of smORFs 
unanswered. The characterization of several smORFs 
displaying conservation of amino-acid sequence, 
translation, and biological function of the encoded 
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peptides throughout evolution would be a power- 
ful indicator that smORFs represent an important 
but neglected part of our genomes. 

Using a bioinformatics method (5), we scruti- 
nized the pool of polyadenylated, polysome- 
associated putative noncoding RNAs in which 
tal was initially included (7) and identified two 
potentially functional smORFs of 28 and 29 amino 
acids in the transcript encoded by the gene putative 
noncoding RNA 003 in 2L (pncr003:2L) (Fig. 1A) 
(6). As with tal, these smORFs have similar amino 
acid sequences to one another and follow strong 
Kozak sequences (fig. S1A). These peptides are 
highly hydrophobic, with a predicted alpha-helical 
secondary structure (fig. S1B). 

We corroborated the structure and sequence 
of the pncr003:2L transcript by means of reverse 
transcription polymerase chain reaction (RT-PCR). 
Next, we studied pncr003:2L expression by means 
of in situ hybridization, which showed strong ex- 
pression in somatic muscles and in the post- 
embryonic heart (Fig. 1, B to D, and fig. S2, A to 
F). We tested the in vivo translation and subcel- 
lular localization of these peptides by generating 
C-terminal green fluorescent protein (GFP)tagged 
fusions within the pncr003:2L cDNA of each 
ORF and expressing these UAS-smORF-GFP 
fusions (fig. S8) in muscles with Dmef2-Gal4. 
We observed the GFP signal at the dyads (Fig. 1E 
and fig. S1, C and D) (8)—the structures in which 


the sarco-endoplasmic reticulum (SER) membrane 
lies closest to both the plasma membrane and the 
sarcomeres—in order to facilitate the conversion 
of the voltage signal into calcium release and mus- 
cle contraction (fig. S2G). Similar results were ob- 
tained with N-terminal Flag-hemaglutinin-tagged 
smORFs (UAS-FH-smORF) (Fig. 1F and figs. S1, 
E and F, and S8). 

To obtain a null mutant for pncr003:2L, we 
generated two small overlapping deficiencies around 
the {WH}f02056 insertion (Fig. 1A). Together, 
these two deletions generate a synthetic homo- 
zygous deficiency [“Df(2L)scl”’ eliminating the 
pner003:2L transcript and the CG/3283 and 
CG13282 genes and represents our null condition 
for the pncr003:2L locus, as corroborated with RT- 
PCR and in situ hybridization (fig. S2, A to F). 

Df(2L)scl mutants showed no behavioral or 
morphological muscle phenotype, even at the ul- 
trastructural level (fig. S2, H to Q). We analyzed 
muscle function using time-lapse recordings of adult 
fly hearts (9), which provide an excellent read-out of 
muscle contraction (Fig. 2A). Df2L)scl mutants 
showed significantly more arrhythmic cardiac con- 
tractions than those of wild-type flies (Fig. 2, A and 
B; tables S5 and S6; and movies S1 and S2). These 
effects are due to a requirement for pncr003:2L pep- 
tides and not the other genes removed in Df(2L)scl 
because the phenotype (i) is mimicked by RNA in- 
terference on pncr003:2L and (ii) is rescued by 
restoring expression of UAS-pncr003:2L or either 
of its encoded peptides in Df(2L)sc/ mutants, but is 
not rescued by smORFs carrying frameshifts in the 
peptide sequence (Fig. 2B, figs. S3A and S8, and 
tables S5 and S6). Correspondingly, intracellular 
electrophysiology recordings in cardiac cells show 
irregular action potentials (APs), involving “dou- 
ble” and occasionally failed APs in the nonrescued 
mutants (Fig. 2C, fig. S3C, and table S7). 

Because the smORF peptides localize in the 
dyads, we checked a possible physiological func- 
tion related to Ca** trafficking during muscle 
contraction by visualizing intracellular Ca** (9). 
During heart contraction, the Ca?" transients of 
pncr003:2L mutants showed significantly higher 
amplitudes and steeper decay than those of wild- 
type controls (Fig. 2D; fig. S3, D and E; and table 
S8). Overexpression of either peptide in a wild- 
type fly—but not of frameshifted smORFs— 
produced reciprocal effects on Ca”* transients but 
similar arrhythmias to Df(2L)scl. Altogether, these 
results suggest (1) a primary role for the penr003:2L 
gene during Ca?” trafficking at the SER, which 


SCIENCE www.sciencemag.org 


Fig. 1. pncr003:2Lpeptide expression in muscles and A 
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heart. (A) Annotated genomic region from the Flybase Genome $ 
Gene Span 


Browser displaying pncr003:02L, nearby genes and deficiencies nd 
generated in this work, Df(2L)sct’? (green bar), and Df(2L)scl% & 


Transgenic Insertion Site 
PBac{RB}C631739(e01605) {WH} pnicr003 :2L[ F-02056] 


(dark blue bar). As transheterozygous, these two deficiencies 
generate a homozygous deletion (Df(2L) scl, red bar), eliminating 
the pcnr003:2L transcript and the CG13283 and CG13282 genes. 
(B to D) Expression of pncr003:2LmRNA in Drosophila muscles 
(arrowhead), in (B) stage 17 embryos; (C) larval somatic muscles 
(arrowhead) and heart (arrow), and (D) in the adult heart (ar- 
row). (E to E”) ORFA-GFP expression (green; arrowheads) sur- 
rounding the phalloidin-stained sarcomeres (magenta) in adult 
transversal heart fibers. (F to F”) FH-ORFA peptides display a 
reticular pattern (green; arrowheads) in adult longitudinal 
heart fibers labeled with phalloidin (magenta). Blue, 4’,6- 
diamidino-2-phenylindole (DAPI)—stained nuclei. 
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Fig. 2. Role of pnrc003:2L in cardiac muscle contraction. (A) Kymo- 
graphs comparing the pattern of heart contractions for wild-type and Df(2L)scl 
hearts. The mutant shows irregular periods, some being abnormally long 
(asterisk). A normal heart period is indicated (green). (B) Arrythmicity index of 
pncr003:2L loss-of-function and rescue genotypes (left) and excess of function 
genotypes (right), normalized to age matched wild-type controls (9). Columns 
represent mean, and error bars represent SE. (C) Sample traces of intracellular 
recordings from adult cardiomyocytes of wild-type (green); Df(2L)scl (red); and 
Df(2L)scl rescued by UAS-pncr003:2L (blue). Arrows indicate “double” action 
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potentials. Arrowheads indicate failed action potentials. Gray dashed line 
indicates resting potentials. Sample peaks from each trace (underlined) ap- 


pear magnified. (D) Ca** 


transients during heart contraction of Df(2L)scl and 


rescue genotypes (left) and gain-of-function genotypes (right) color-coded as 


in (B). The fluorescent Ca2* 


sensor G-CaMP3 was used to visualize calcium 


levels. Y axis values are ratios of calcium dependent fluorescence on its decay 
phase normalized to basal intensities and presented as percentages relative to 
wild-type controls; x axis values are percentage of time from the point of 


maximum transient amplitude. 


VOL 341 6 SEPTEMBER 2013 


1117 


1118 


REPORTS 


Fig. 3. Putative homology of sequence and structure 
between human and Drosophila peptides. (A) Secondary 
structure of the conserved domain [underlined in (B)] of 
Sarcolipin (top) and Drosophila pncr003:2LORFA peptide (bot- 
tom). Blue, nitrogen atoms; red, oxygen atoms. (B) Phyloge- 
netic tree of vertebrate and arthropod (pncr003:2L, labeled 
“Sarcolamban”) peptides. Asterisks indicate sequences identi- 
fied in this study (supplementary data file $1). Putative an- 
cestral consensus sequences (left) and further analysis (fig. $4) 
(9) suggest that the two vertebrate peptides arose from a du- 
plication of a single ancestor that also diverged independently 
into the different arthropod Sarcolamban peptides. Analysis of 
RNA (cDNA) sequences (arrows) indicates that all peptides arise 
from single smORFs (red boxes) uninterrupted by exons, sug- 
gesting that ancestral peptides were also encoded by smORFs. 
(C) Western blots from Drosophila S2 cells showing that the 
antibody to human Sarcolipin (left lanes) recognizes the Dro- 
sophila FH-tagged Sarcolamban18-kD peptides SclA and SclB, 
but not the 10-kD FH-tag alone. Right lanes show positive 
controls, with antibody to HA recognizing all peptides. (D) 
A compatible structure for Sarcolamban-A (magenta) is ob- 
tained by threading it onto the C-terminal domain of ver- 
tebrate Phospholamban (green). (E to E’”’) Drosophila FH-SclA 
peptides (arrowheads) surrounding the sarcomeres (red) are 
recognized by antibodies to Sarcolipin (green) and Flag (blue) 
in larval somatic muscles. 
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would be secondarily required for regular muscle 
contraction; and (11) that such a role is mediated 
by the peptides encoded by the 28— and 29—amino 
acid smORFs. 

We searched for conservation of these smORFs 
in other species by using Basic Local Alignment 
Search Tool (BLAST) and only identified them in 
other Drosophilids [with K,/K, scores of <0.2 sup- 
porting translation (/0)]. Because the pncr003:2L 
peptides have a predicted helical structure, we 
searched for possible structural homologs (9) and 
retrieved the 30-amino acid human sarcolipin 
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(SIn) peptide (Fig. 3A and tables S1 and $2) (7/). 
However, the SIn and pncr003:2L peptides dis- 
play noticeable differences in their amino acid 
sequences (Fig. 3B). If they were true homologs, 
peptides with intermediate sequences should exist 
in the stem lineages to both flies and humans. We 
devised a bioinformatics protocol (9) to identify 
possible pncr003:2L homologs in arthropods 
(Fig. 3B and fig. S4) plus nonannotated homologs 
of s/n and its longer paralogue phospholamban 
(pin) (Fig. 3B and fig. S4) (72), until basal arthropod 
smORFs identified basal vertebrate homologs with 


the expected intermediate amino acid changes 
(fig. S4, A to C). Supporting their putative homology, 
we found that (i) antibodies to sarcolipin recognize 
the pncr003:2L peptides (Fig. 3, C and E, and fig. 
S5, A and B), and (ii) threading the pncr003:2L 
amino acid sequences on the Pln three-dimensional 
(3D) structure (/3) also produces a compatible 
structure (Fig. 3D and tables S1 and S2). 

A phylogenetic tree of all these peptides sug- 
gests that SIn and Pln emerged from a gene du- 
plication in vertebrates, whereas an independent 
and more recent duplication in flies gave rise to 
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Fig. 4. Sarcolamban interacts with Ca-P60A SERCA. (A to A’”) Co- 
localization of sarcolamban FH-SclA peptides (green) and Ca-P60A SERCA 
(red) in the SER and dyads (arrowheads) surrounding the adult heart sar- 
comeres (blue, phalloidin). (B and C) Interaction between the Drosophila SclA 
(magenta) and Ca-P60A, modeled from vertebrate SERCA1a in the El con- 
formation (9). SclA docks onto Ca-P60A similarly as Phospholamban (yellow) 
and Sarcolipin (fig. $5, D and E) onto human SERCA1a (C). Peptide C-termini 
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are down. (D) FH-tagged Drosophila SclA and SclB and the human Sln and 
Pln peptides pull-down the 100-kD Drosophila Ca-P60A (revealed with 
antibody to Ca-P60) from transfected S2 cells. Negative control lanes with 
Flag-only peptides or beads without antibodies (“ONLY beads”) do not show 
similar Ca-P60A signal. (E to E’”’) Human Stn peptides (green; arrowheads) 
expressed in the Drosophila adult heart surround the sarcomeres (red; labeled 
with antibody to Tropomyosin1). Blue, DAPI-stained nuclei (arrow). 
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pncr003:2L ORFA and ORFB peptides. The tree, 
sequence alignments, and further bioinformatics 
analysis (fig. S4, supplementary data file S1, 
and tables S1 and S2) (9) are altogether compati- 
ble with a single origin for the SIn, Pln, and 
pncr003:2L peptides from an ancestral peptide- 
encoding smORF of ~30 amino acids (Fig. 3B and 
fig. S4B). We suggest that pncr003:2L and its ar- 
thropod homologs should be renamed sarcolamban 
(scl) in order to reflect their similarity and prob- 
able homology to vertebrate s/n and pin. 
Conservation of smORFs across such an evo- 
lutionary distance (>550 million years of diver- 
gence) has not been described; therefore, we 
scrutinized their functional homology. SIn and 
Pin regulate Ca?* traffic in mammal muscles by 
dampening the activity of the Sarco-endoplasmic 
Reticulum Ca’" adenosine triphosphatase (SERCA), 
whose function is to retrieve Ca?” from the cy- 
toplasm back into the SER, leading to muscle 
relaxation (fig. S2G) (/4). The effects of remov- 
ing sin upon the vertebrate muscle Ca" tran- 
sients are remarkably similar to the effects we 
observed in Df(2L)scl mutants (Fig. 2D) (/5). 
Furthermore, abnormal levels of SIn expression 
have been related to human heart arrhythmias 
(16), and SIn and Pin have been shown to bind 
SERCA (/7). In flies, the Scl peptides colocalize 
with Drosophila SERCA (Ca-P60A) (Fig. 4A and 
fig. SSC) and coimmunoprecipitate with it (Fig. 4D). 
Furthermore, the arrhythmia and abnormal tran- 
sients of Df(2L)scl mutants are corrected by re- 
ducing the function of Ca-P60A (Fig. 2, B to D), a 
genetic interaction that is consistent with a down- 
regulating role of Scl upon SERCA activity (/8). 
Last, threading the sequence of Ca-P60A onto the 
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3D structure of vertebrate SERCA produces a com- 
patible structure that seems able to dock Scl sim- 
ilarly to SIn and Pin binding to SERCA (Fig. 4, B 
and C; fig. S5, D and E; and tables S3 and S4) (7). 

Our studies suggest that SIn and Pln can bind 
fly Ca-P60A and can resemble Scl function. Mod- 
eling suggests that fly and vertebrate peptides 
could bind each other’s SERCA (tables S3 and 
S4), and indeed human peptides can pull down 
fly Ca-P60A (Fig. 4D). Sin and Pln expressed in 
fly muscles and cultured cells localize similarly to 
Scl and Ca-P60A (Fig. 4E and figs. SSF and 
S6) and produce arrhythmias and Ca" transients 
similar to those produced by overexpressing fly 
Scl peptides (Fig. 2, B and D). Furthermore, ex- 
pression of human Pln in Df(2L)scl flies can 
rescue the mutant Ca’* transients toward wild type, 
and the strong arrhythmia phenotype of ectopic PIn 
is itself reduced (Fig. 2, B and D).The human 
peptide overexpression and rescue effects do not 
completely reproduce those observed with fly pep- 
tides, and this suggests that although this family 
of peptides may share a regulatory function on 
Ca** pumps, each seems finely tuned to its own 
species-specific SERCA regulation. 

Altogether, our results suggest that this family 
of peptides may represent an ancient system for 
the regulation of Ca’* traffic, whose alteration 
can result in irregular muscle contractions. We 
propose that the Drosophila sarcolamban (scl) 
gene, previously annotated as the long noncoding 
RNA pncr003:2L, actually encodes two func- 
tional smORFs of 28 and 29 amino acids that are 
translated into bioactive peptides. The analysis 
of related amino acid sequences across multiple 
species is compatible with a conservation of these 
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peptides and their putative molecular structure 
from flies to vertebrates, correlated with the con- 
servation of their biological role in regulating 
Ca** uptake at the SER. We speculate that this 
remarkable conservation, together with previous 
reports on the fa/ gene (2-4), might indicate that 
smORFs can reveal both sequence conservation 
and important biological functions. Bioinforma- 
tics predictions (/, 5) and recent ribosomal pro- 
filing data from vertebrates (/9) suggest that 
translated smORFs may be abundant. We believe 
that smORFs cannot be dismissed as irrelevant, 
but that their functionality should be considered 
whenever encountered. 
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A Causative Link Between Inner 
Ear Defects and Long-Term 


Striatal Dysfunction 


Michelle W. Antoine, Christian A Hiibner,” Joseph C. Arezzo, Jean M. Hébert?3* 


There is a high prevalence of behavioral disorders that feature hyperactivity in individuals with 
severe inner ear dysfunction. What remains unknown is whether inner ear dysfunction can alter the 
brain to promote pathological behavior. Using molecular and behavioral assessments of mice 
that carry null or tissue-specific mutations of S/c12a2, we found that inner ear dysfunction causes 
motor hyperactivity by increasing in the nucleus accumbens the levels of phosphorylated adenosine 
3',5'-monophosphate response element-binding protein (pCREB) and phosphorylated extracellular 
signal-regulated kinase (pERK), key mediators of neurotransmitter signaling and plasticity. Hyperactivity 
was remedied by local administration of the pERK inhibitor SL327. These findings reveal that a 
sensory impairment, such as inner ear dysfunction, can induce specific molecular changes in the 
brain that cause maladaptive behaviors, such as hyperactivity, that have been traditionally 


considered exclusively of cerebral origin. 


to hearing, and the vestibular end organs, 
dedicated to balance. In 20 to 95% of chil- 
dren with severe hearing loss, auditory and ves- 
tibular dysfunction occur concurrently (/, 2). In 
such cases, there is a high incidence of behavioral 


T: inner ear contains the cochlea, devoted 


Fig. 1. Slc12a2"**?""°*2" mutants display a 
dopamine receptor—mediated increase in loco- 
motor activity that cannot be explained by dis- 
ruption of Sfc12a2 in the brain. (A) Traces and 
(B) quantification of mouse locomotion in an open 
field showing that haloperidol alleviates locomotor 
activity and circling in Slc12a2"°4?""?2" mice with- 
out affecting grooming [***P < 0.0001; repeated 
measures analysis of variance (ANOVA) with Bonferroni 
post hoc comparison]. (C) Germline recombination 
of Slc12a2*™ mice recapitulates the increased loco- 
motion of the Sic12a2*64?"**42" mutant (P = 0.0032, 
unpaired two-tailed test). Mice lacking Slc12a2 in the 
neocortex and hippocampus (Emx1°*;Sic12a2™"*), 
striatum (Dlx5/6-CreSlc12a2™), cerebellum 
(En1°*;Sic12a2™), and CNS (estin-CreSic12a2") 
display normal levels of motor activity (unpaired 
two-tailed test). (D) Germline recombination of 
$1c12a2™ also recapitulates the circling behavior 
of the Sic12a2""?"**?" mutants. n = 4 to 11 mice 
per genotype. All data are means + SEM. 
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disorders that feature hyperactivity as a core di- 
agnostic symptom (3-5). Although socioenviron- 
mental variables have been proposed as risk 
factors (6), it is unclear whether sensory impair- 
ments, such as inner ear defects, can directly 
induce specific changes in the brain that lead to 
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maladaptive behavior. In nonhuman vertebrates, 
including rodents and frogs, surgical or pharma- 
cological lesions to the vestibulo-auditory system 
are also linked to long-term changes in locomotor 
activity, although, to date, the associations be- 
tween ear dysfunction and behavior remain un- 
explained (7-9). Genetic mouse models of inner 
ear dysfunction can exhibit increased levels of 
locomotor hyperactivity (10), but because the 
gene is mutated in the brain, as well as the inner 
ear, the causal neural underpinnings of this be- 
havior remain unknown. 

SIc12a2 (also known as Nkcc/) is a gene that 
encodes a sodium-potassium-chloride cotrans- 
porter broadly expressed in tissues, including 
the inner ear and central nervous system (CNS) 
(11, 12). The Slc/2a2 mutant mice used in this 
study arose spontaneously in our mouse colony 
and exhibit increased levels of motor hyperac- 
tivity, including locomotion, circling, and head 
tossing (Fig. 1, A and B; movie S1; and fig. S1A), 
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as with previously characterized S/c]2a2 mutants 
(/3-16). The spontaneous mutation was identified 
as an A to T mutation in exon 17 that changes 
codon 842 of S/c12a2 from encoding a lysine 
(K) to a stop codon (*) (hereafter referred to as 
Sle12a2***"), which results in no detectable 
SLC12A2 protein, as shown by antibodies raised 
to either the N or C terminus (fig. S1, B to E). The 
inner ear of Slce12a2%8?"**#" mice revealed a 
collapse of Reissner’s membrane and the mem- 
branes of the vestibular compartments (fig. S1F). 
These morphological defects were associated with 
profound deafness and balance deficits (figs. S1G 
and S82) (/5). 

An increase in locomotor activity is not read- 
ily explained by dysfunction of the inner ear but 
rather points to a disruption of brain functions 
that regulate movement. Consistent with this no- 
tion, the dopaminergic antagonist haloperidol, 
which acts in the brain to alleviate increased mo- 
tor behavior in humans (/7), normalized the open- 
field locomotor behavior of Slc12a2"6#?"*54" 
mice (Fig. 1, A and B). The same dose of halo- 
peridol did not decrease the locomotor activity in 
littermate controls, which indicated that the dose 
used was not sedating. Haloperidol did not affect 
grooming in either mutants or controls, nor did it 
ameliorate performance of mutants on a rotating 
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rod (rotarod) test, which requires an intact inner 
ear, and which therefore indicates a specificity in 
the behaviors modified by haloperidol (Fig. 1B 
and fig. $2). 

To test whether loss of S/c/2a2 expression in 
the brain leads to increased locomotor activity, 
we deleted a floxed Sic/2a2 allele (Slc/2a2") 
specifically from individual brain areas that con- 
trol movement using Emx1°”° for the cortex, 
Dix5/6-Cre for the striatum, EnJ@® for the cer- 
ebellum, and Nestin-Cre for the entire CNS. With 
these lines, recombination occurs before neuro- 
genesis and expression of Slc12a2 (18-21). West- 
em blot analyses confirmed the loss of Slc]2a2 
specifically in the expected tissues (fig. S3, A 
and C). Although mice having a germline dele- 
tion of the Sic] 2a2“ allele, which lack expression 
in all tissues, are behaviorally indistinguishable 
from Slc12a2%°4#?"*84" mice, mice with dele- 
tions in the cortex, striatum, cerebellum, or entire 
CNS are behaviorally normal (Fig. 1, C and D, 
and fig. S3B), which indicates that loss of Sic] 2a2 
from any single or combination of brain areas 
does not cause the behavior. Note that inner ear 
morphology and S/c/2a2 expression were nor- 
mal in Nestin-Cre;Slc]2a2™ mutants (fig. S3C). 

To determine whether loss of Slc/2a2 ex- 
pression in the inner ear causes the behavioral 
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phenotype, the Foxg/“ line was used to delete 
Sic12a2 from the embryonic precursors of the 
inner ear (Fig. 2A). However, because Foxg]“” 
also targets the telencephalon (neocortex, hip- 
pocampus, and striatum) (Fig. 2B), we deleted 
Sic12a2 from the inner ear using a combination 
of Pax2-Cre and Tbx1“®, which together suffi- 
ciently deleted S/c/2a2 to result in the anatomical 
ear defects indicative of dysfunction (fig. S4). In 
Pax2-Cre;Tbx1“°-driven mutants, Sic/2a2 dele- 
tion also occurred in the mid-hindbrain area, but 
not the telencephalon. Both the Pax2-Cre;Tbx1 oF 
and Foxg/“*-driven mutants recapitulated all 
the hyperactive features of Slcl2a2%*?"/*84" 
mice (Fig. 2C, movie S82, and fig. S4). Together 
with the absence of the behavioral phenotype, 
when S/c/2a2 is deleted from the entire CNS, 
these results demonstrate that inner ear dysfunc- 
tion caused the abnormal behavior of these mice. 

Because increased locomotor activity and a 
responsiveness to haloperidol are indicative of 
brain, rather than ear, dysfunction, we reasoned 
that inner ear defects may cause abnormal func- 
tioning of the striatum, a central brain area that 
regulates motor output levels. Striatal levels of 
26 candidate proteins involved in neurotransmitter 
signaling were examined by Western blot (Fig. 3, 
A and B, and fig. S5). Initially, Sic12a2*4?"*3#" 
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Fig. 2. Increased locomotor activity of Sic12a2 mutants depends on 
inner ear dysfunction. (A) The inner ear defects of Foxg1°°*-Sic12a2*™ 
mice are identical to those of the Sic12a2*?""*"" mice: vestibular (vm) and 
Reissner’s (rm) membrane collapse and degeneration of the vestibular end 
organs (sacculae, utricles, and cristae). In Foxg1°*S{c12a2"™" mice, SLC12A2 
immunostaining (brown) is reduced in the endolymph secreting stria vascularis 
(sv) of the cochlea and in the vestibular end organs. Purple: Nisst counterstain. 
(B) Western blot analysis shows loss of SLC12A2 in the neocortex (Ctx), 
hippocampus (Hipp), and striatum (Str) in Foxg1*;Sic12a2™ mice, but 
not in the thalamus (Thal), midbrain (MB), cerebellum (Cb), or hindbrain 
(HB). (C) Foxg1“°*S1c12a2™ mice recapitulate the abnormal behavior of 
$lc12a2"84?"*542" mice (n = 7 to 9 mice per genotype, ***P < 0.0001, 
unpaired two-tailed test, means + SEM). 
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Fig. 3. Inner ear dysfunction contributes tothe up- A B 
regulation of pERK1 in striatal neurons. (A) Western pERK === Se 13 
blot analyses reveal increased (arrowheads) pERK1 (upper RK == == == 17 
band of doublet) and its common target pCREB in mice actin =wee mas eee 2 5 
with inner ear defects and increased motor activity pCREB <== =e< §¢ 3 
(Sle12a2%4?*642" and Foxg1*;Sic12za2™™ mice) but += CREB —-— == 2 a 
not in phenotypically normal mice. (B) Quantification of pana mrornars: is B15 
Western analyses (pERK: P = 0.009 for Sic12a2"°#?"™**?" $2 Ss 8S is eee! 
P = 0.006 for Foxg1°°*-Sic12a2™; pCREB: P = 0.028 for G& 88 88 
Sic12a2%*4?**42*. p — 0,033 for Foxg1*;Sic12a2"™; B88 SS 88 i 
n = 3 to 6 mice per genotype; unpaired two-tailed t test). 8 oe a SE ee Oe a a Se 
(C) Immunohistochemical analysis showed an increase s S$ & QS RRRR QSAR 
in the number of pERK+ cells in the ventral striatum of a § 3 ni S& ES ee Ga & 
mutants (n = 4 mice per genotype, **P = 0.0066, ***P = area gi S&B s% SSS 8 
0.00046, unpaired two-tailed f test). (D) In both controls pERK Hoechst Q ss 2 " 2 q ‘a a ” S 
and mutants, pERK+ cells in the ventral striatum are & S = 2 S = 
primarily DARPP32+, whereas in the dorsal striatum 2 = g % $ 3 
they are somatostatin+ (SST+) interneurons (n = 3 mice & = s : 
per genotype) (means + SEM). ventral striatum D DARPP-32 ig @ +/+ OK842*/K842* 
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Fig. 4. The increased striatal pERK levels A B Cc 
induced by inner ear defects promote in- - ‘ - 
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(B) quantification of motor activity in an open- o : * K842*/K842* SL327 
field 1 hour after systemic SL327 administra- o 300 
tion, which ameliorates both locomotion and = = 
circling in the Sic1za2?"**" mutants while = + ge ** 
having little effect on grooming (n = 6 mice : Go ite ik 
per genotype, *P = 0.015, ***P = 0.0002). (C) Nh 2O 
Local SL327 administration to the nucleus ac- 8 = s 100 
cumbens of Sic12a2"?"*"*" mice restored 7 
open-field activity and circling to control lev- 0 
els, which were unaffected by treatment, for 60 
2 days postinjection, without affecting groom- 
ing (n = 5 to 7 mice per genotype and per © 40 : 
treatment condition, ***P = 0.0025, **P = 2 = 
0.0082, *P = 0.018; means + SEM; two-way y 2 20 
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mutants were examined, and proteins showing 
significant differences in expression levels com- 
pared with controls were then also examined 
in striata from Nestin-Cre;Slc12a2*™ and 
Foxg1" -SIc12a¥™ mice to identify the rele- 
vant changes that correlate with the presence of 
the ear defects and behavioral phenotype. Among 
the proteins examined, we observed significant 
increases only in the levels of phosphorylated 
extracellular signal-regulated kinase (pERK), a 
key component of dopamine and glutamate neu- 
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rotransmission in the striatum, and its common 
downstream target, phosphorylated adenosine 
3',5'-monophosphate response element-binding 
protein (pCREB-Ser133) (22-24) (Fig. 3, A and 
B). Although phosphorylated forms were elevated, 
total ERK and CREB were unaffected. Increased 
pERK and pCREB were specific to the striatum and 
not observed in other forebrain regions (fig. SSD). 
Immunohistochemical analysis of Slel2a2%*?"*"4" 
mutants revealed that the number of pERK- 
positive (pERK+) cells was up-regulated specif- 


ically in the nucleus accumbens, the ventral part 
of the striatum (Fig. 3C). All pERK~+ cells were 
NeuN+, which indicated that they were neurons. 
Of these, most were DARPP32+ medium-sized 
spiny neurons (MSNs) and a few were somato- 
statin+ interneurons (Fig. 3D) but not calretinin+, 
parvalbumin+, or choline acetyltransferase (ChAT) 
interneurons. The proportions of pERK-+ cell types 
in the mutants were nevertheless similar to those of 
controls. In addition, pCREB*+ cells were pERK+ 
(Fig. 3D). 
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Robust increases in pERK occur in MSNs 
of the nucleus accumbens in response to psy- 
chostimulants and other drugs of abuse and are 
considered critical for enabling their long-lasting 
behavioral changes (22, 25, 26). The induction of 
such behaviors is inhibited by the local or sys- 
temic application of MAPK kinase (MEK) or ERK 
kinase inhibitors, such as SL327 (22, 27-29). To 
determine whether striatal ERK phosphorylation 
was necessary for the abnormal increase in loco- 
motor activity, Slc12a28?"*“*" mice were given 
an intraperitoneal injection or a local injection 
of SL327 to the nucleus accumbens. In both sets 
of experiments, SL327 administration restored 
locomotor activity to normal levels without af- 
fecting the levels of activity in controls (Fig. 4). 
Mutant mice treated with local SL327 returned 
to their baseline, presurgery locomotor levels of 
activity by day 3, which suggested that the in- 
jection did not cause permanent damage. SL327 
administration did not affect grooming, which 
suggested that increased striatal pERK selec- 
tively elevates locomotor activity levels and not 
general activity. 

This study demonstrates that inner ear dys- 
function can induce molecular changes in the 
striatum that promote increased motor hyper- 
activity. The neural circuits linking inner ear defects 
to abnormal striatal function are likely transmitted 
by the normal auditory and vestibular input path- 
ways, primarily via the thalamus and neocortex 
(30), but this remains to be demonstrated. Our 
results also suggest that a neurobiological cause, 
rather than simply socioenvironmental factors, 
contributes to the high incidence of behavioral 
disorders associated with inner ear dysfunction in 


children and adolescents. Moreover, disruption 
of the ERK pathway in the striatum provides a 
potential target for intervention. Finally, it is in- 
triguing to ponder whether sensory impairments 
other than those associated with inner ear defects 
could also cause or contribute to psychiatric or mo- 
tor disorders that have traditionally been considered 
exclusively of cerebral origin. 
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Topographic Representation 
of Numerosity in the Human 


Parietal Cortex 


B. M. Harvey,2* B. P. Klein,? N. Petridou,? S. O. Dumoulin? 


Numerosity, the set size of a group of items, is processed by the association cortex, but certain 
aspects mirror the properties of primary senses. Sensory cortices contain topographic maps 
reflecting the structure of sensory organs. Are the cortical representation and processing of 
numerosity organized topographically, even though no sensory organ has a numerical structure? 
Using high-field functional magnetic resonance imaging (at a field strength of 7 teslas), we 
described neural populations tuned to small numerosities in the human parietal cortex. They are 
organized topographically, forming a numerosity map that is robust to changes in low-level 
stimulus features. The cortical surface area devoted to specific numerosities decreases with 
increasing numerosity, and the tuning width increases with preferred numerosity. These 
organizational properties extend topographic principles to the representation of higher-order 


abstract features in the association cortex. 


umans and many other animals use nu- 
merosity to guide behavior and decisions 
(/-4). Numerosity perception becomes 
less precise as the size of numbers increases (4—8) 
and is particularly effective for small numbers 


www.sciencemag.org SCIENCE VOL 341 


(9). Animals, infants, and tribes with no numer- 
ical language perceive numerosity (J, 10-12), 
although they cannot count or use symbolic rep- 
resentations of number. Thus, numerosity pro- 
cessing is an evolutionarily preserved cognitive 
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function, distinct from counting and humans’ 
unique symbolic and mathematical abilities (/2). 
Because aspects of numerosity processing mirror 
primary sensory perception, it has been referred 
to as a “number sense” (2, 3). 

The primary sensory and motor cortices in 
the brain are organized topographically. Is the 
neural organization for numerosity similarly topo- 
graphic? The neural representation of numeros- 
ity resides in higher-order association cortices, 
including the posterior parietal cortex. Human 
functional magnetic resonance imaging (fMRI) con- 
sistently identifies this region as particularly re- 
sponsive to numerosity manipulations (6, /2—/4), 
and in similar regions, macaque neurophysiology 
describes neurons tuned to visual numerosity 
(4, 5, 7, 15). Both human fMRI and macaque neu- 
rophysiological response properties are closely 
linked to behavioral numerosity performance (4, 6). 

We elicited responses to visual patterns with 
varying numerosity in study participants, while 
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Fig. 1. Stimuli, responses, and neural population 
tuning. (A) Illustration of stimulus conditions, with ex- 
amples representing different numerosities. (B) Two ex- 
ample fMRI time courses from sites in the posterior 
parietal cortex, separated by about 2 cm, elicited by the 
numerosity stimulus sequence (top inset). BOLD, blood 
oxygen level—dependent. Points represent mean response 
amplitudes; error bars represent the standard error over 
repeated runs. In the upper panel, the largest response 
amplitude occurs after the presentation of low numer- 
osities, whereas in the lower panel the largest response 
occurs with higher numerosities, considering the hemo- 
dynamic response delay. To quantify these differences, 
we developed a novel data-analysis method that ex- 
tracts numerosity tuning from the time courses, follow- 
ing methods we developed in the visual cortex (17) 
(fig. 4). The numerosity model captures about 90% 
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of the variance (R) in the time courses, as indicated by the colored lines. (C) Representation of the neural model that best fits each time course. The model 
describes a Gaussian tuning function in logarithmic numerosity space with two parameters: preferred numerosity and tuning width defined by the full width 
at half maximum (FWHM). Different model parameters explain the differences seen in (B), capturing a similar amount of the variance. 


Fig. 2. Topographic representation of numerosity. 
(A) The variance explained by the model (R2) highlighted 
a region in the right parietal cortex where neural pop- 
ulations demonstrated numerosity tuning in all stimu- 
lus conditions (Fig. 1A). The black square is enlarged in 
(B). (B) Numerosity preferences for data averaged from 
all stimulus conditions, showing preferred numerosity 
increasing from the medial to lateral ends (white lines) 
of the region of interest (ROI) (black and white lines). 
Areas of low signal intensity, corresponding to pial sur- 
face veins (red dashed lines, fig. $3), were excluded 
from further analysis (30). (C) Numerosity preference 
progression from medial to lateral along the ROI for all 
conditions. All recording sites were organized by their 
distances from the two white lines. Dots represent the 
mean preferred numerosity in each distance bin, with 
error bars showing the standard error. We fitted the 
binned points with a logarithmic function (solid black 
line), with 95% confidence intervals to the fit (dashed 
black lines) determined by bootstrapping. More cortical 
area is devoted to lower number; i.e., cortical magni- 
fication decreases at higher numerosity. Different stimulus 
conditions are represented as colored lines joining the 
condition-specific bin means. 
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acquiring high-field (7 teslas) {MRI data. Changing 
numerosity in a visual display affects visual fea- 
tures such as luminance, contrast, density, and 
total edge length. Therefore, establishing numer- 
osity selectivity requires several control conditions 
(Fig. 1A and figs. S1 and $2) (/5). Consequent- 
ly, we included conditions in which total dot 
area (“constant area” condition), individual dot 
size (“constant dot size”), or total dot circum- 
ference (“constant circumference”) were constant. 
A further condition contained much higher dot 
pattern density (“high density”). Finally, to check 
generalization to other objects, we replaced dots 
with different shapes (“variable features”). Dur- 
ing stimulus presentation, participants reported 
when dots were shown in white rather than black 
(10% of presentations). No numerosity judgments 
were required. Participants performed above 90% 
correct. 
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The displayed numerosity varied systemati- 
cally within an fMRI scan (Fig. 1B, top inset). 
This stimulus elicited remarkably different re- 
sponse profiles at different recording sites (Fig. 
1B), despite having similar hemodynamic re- 
sponse functions (fig. S6). We summarized these 
fMRI signals using numerosity-tuned neural mod- 
els (Fig. 1C and fig. S4). These describe Gaussian 
functions in logarithmic numerosity space, fol- 
lowing behavioral (4), computational (/6), neuro- 
imaging (6), and neurophysiological (4, 5) results 
(fig. S5). The models have two parameters: pre- 
ferred numerosity and tuning width (the numer- 
osity range to which the population responds). 
This analysis is analogous to conventional pop- 
ulation receptive field analysis in the visual cor- 
tex (17). These models explain much of the signal 
variance (R”), summarizing {MRI responses with 
two parameters. They capture similar amounts 
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of variance for both example response profiles 
in Fig. 1B, explaining time course differences by 
different numerosity tunings (Fig. 1C). 

A specific region in the posterior parietal cor- 
tex was highlighted, where the models captured 
much response variance in all stimulus condi- 
tions (Fig. 2A and fig. S7). This region’s position 
was consistent between the eight participants, in 
the posterior superior parietal lobule, centered at 
mean (SD) Montreal Neurological Institute x,y,z 
coordinates of 23 (4), —60 (7), 60 (7) (/8) and 
closely matches previous reports of a region re- 
sponding strongly to numerosity manipulations 
(6, 12-14). 

Projecting each recording site’s preferred nu- 
merosity onto the unfolded cortical surface re- 
vealed an orderly topographic map (Fig. 2B). 
Medial and lateral regions preferred low and 
high numerosities, respectively. The topographic 
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Fig. 3. Comparison of numerosity preferences 
across recording points in different stimulus con- 
ditions, averaged across participants. (A) Because 
numerosity preferences are topographically orga- 
nized in all stimulus conditions, they are always cor- 
related. (B) However, preferences change with stimulus 
conditions, with preference increasing particularly in 
the constant circumference condition. t, t statistic. 


Fig. 4. The progression of population tuning 
width (see Fig. 1C) across the cortical surface 
(A) and with preferred numerosity (B) for one 
representative participant. Dots represent mean 
tuning widths in each preferred numerosity bin, and 
error bars represent standard errors. Dashed lines 
represent 95% confidence intervals of the fit (solid 
line) to the bin means. Tuning width increases with 
preferred numerosity for all participants (fig. $13B). 


progression and its direction were consistent be- 
tween participants and stimulus conditions (fig. 
S8). Numerosity selectivity was also present in 
the left hemisphere (fig. S9) and in neighboring 
regions of the right hemisphere, but with lower 
variance explained and less clear, less consistent 
topographic structure. To quantify the numerosity 
organization, we sorted recording sites within this 
region by their distance from the borders repre- 
senting lowest and highest numerosities (white 
lines in Fig. 2B). We then plotted preferred nu- 
merosity against cortical distance for individual 
stimulus conditions and their average (Fig. 2C 
and fig. S10). 

Numerosity preference was organized topo- 
graphically in all stimulus conditions, so numer- 
osity preference is significantly correlated between 
conditions (Fig. 3A and fig. S11A). However, 
absolute numerosity preference varied with stim- 
ulus condition (Fig. 3B and fig. S11B), which is 
consistent with results from single macaque 
neurons (5). In particular, the constant circumfer- 
ence condition differs from other conditions. It 
has very different dot sizes from other condi- 
tions (Fig. 1A and fig. S2), and we propose that dot 
size interacts with numerosity preference, be- 
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cause line length—selective neurons are found with 
numerosity-selective neurons in the macaque pos- 
terior parietal lobe (79). 

The rate of numerosity preference change 
with distance increased with numerosity; L.e., 
the cortical magnification factor decreases (Fig. 
2C). Thus, more cortical surface area represents 
lower than higher numerosities (fig. $12). Sim- 
ilarly, more macaque posterior parietal neurons 
prefer low than high numerosities (5). Such over- 
represented parts of other topographic maps 
also show more precise response selectivity 
than elsewhere in the map; i.e., tuning width is 
smaller. Tuning widths changed across the topo- 
graphic map along with preferred numerosity 
(Fig. 4A and fig. S13A). Population tuning width 
increased with preferred numerosity (Fig. 4B 
and fig. S13B), in line with single macaque neu- 
ron (4, 5), neuroimaging (6), and behavioral re- 
sults (6-8). However, population tuning widths 
are larger than macaque single-neuron tuning 
widths (fig. S14). This may arise from differences 
in neural population size (~400,000 neurons in 
our recording points), the scatter of response 
preferences at a single cortical location, hemo- 
dynamic properties, interpolation steps in fMRI 
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analyses, task differences, and/or species differ- 
ences (/7). 

Neuroimaging studies consistently show that 
this part of the parietal cortex responds to numer- 
osity manipulations (6, /2—/4), and parietal le- 
sions can cause number-processing deficits (20). 
Macaque neurophysiology demonstrates numer- 
osity tuning in single neurons in a similar parietal 
region (5), and human neural adaptation proper- 
ties suggest that numerosity-tuned populations exist 
in the same area, with tuning widths increasing 
with preferred numerosity (6). We extended these 
observations by directly measuring numerosity 
tuning in the human cortex and describing a topo- 
graphic organization of numerosity, a numerosity 
cortical magnification factor, and a relationship 
between preferred numerosity and numerosity 
tuning width. Based on similar behavioral per- 
formance and cortical location of numerosity- 
selective populations in humans and macaques, 
we expect similar topographic organization in 
macaques. The spatial scale of the topographic 
organization is several centimeters. Consequent- 
ly, methodological limitations of single-neuron 
recordings may have prevented its identification; 
i.e., at single-neuron resolution, topography may 
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be obscured by the scatter of response properties, 
broad single-neuron tuning, neurons with other 
response properties, and an unknown direction 
of topography change. However, both method- 
ologies are complementary, and our measure- 
ments are consistent with neurophysiology. Both 
support numerosity tuning, albeit at different scales, 
in similar parts of the brain, with more neurons 
tuned to smaller numerosities and increases in 
tuning width with preferred numerosity. These 
properties are analogous to organization prop- 
erties of the sensory and motor cortices and may 
underlie the decreased precision at higher nu- 
merosities that is commonly seen in human and 
animal behavior (4, 6, 8, 12-4). 

Our numerosity-selective responses cannot be 
explained by other visual attributes of the stim- 
ulus. First, tuning and topographic structure were 
found using stimuli controlled for low-level fea- 
tures. Second, responses in visual field maps such 
as V1 cannot be captured by the numerosity mod- 
el but follow stimulus contrast energy (fig. S15). 
Third, parietal visual field map borders (2/) did 
not correspond to numerosity map borders and 
their relative positions varied considerably be- 
tween participants (fig. S16). In macaques, over 
80% of single neurons here show no numerosity 
selectivity (5, 19), so independent representations 
of numerosity and visual space may exist in one 
cortical region, represented by different neurons. 
Alternatively, these populations have large visual 
receptive fields and may be tuned to numerosity 
presented anywhere within this receptive field. 
Interactions between overlapping numerosity and 
visuospatial representations may underlie the 
cognitive spatial “number line” (//, 22). However, 
we find no consistent relationship between numer- 
osity and visuospatial responses. 

What is the nature of the numerosity represen- 
tation? We found no number-tuned responses for 
Arabic numerals (fig. S17), suggesting that neu- 
rons here do not respond to symbolic number 
representations. We propose that current biolog- 
ically plausible computational models of numer- 
osity processing, driven by visual features, can 
produce the numerosity selectivity we see (16, 23). 
Some models suggest that (as we find) numer- 
osity selectivity depends on stimulus features, such 
as dot size (23). Computational models of nu- 
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merosity extraction may thus explain these dif- 
ferences in numerosity tuning, consistent with 
behavioral results (7, 23). 

Numerosity processing and its cortical orga- 
nization may be fundamental to human abilities 
in mathematics and economics. Although numer- 
osity judgments and complex mathematical 
abilities rely on different processes, individual 
differences in these abilities are correlated (24). 
Macaques and young children can perform simple, 
approximate addition and subtraction (25, 26). 
In macaques, the parietal and prefrontal cortices 
contain neurons responding specifically during sim- 
ple mathematical tasks, together with numerosity- 
selective neurons (27). Associations between visual 
numerosity and symbolic number representations 
develop early in life (0). Numerosity, number, 
and size are fundamental to our understanding of 
magnitude and quantity and underlie higher-level 
concepts of value (22). 

Our results demonstrate that topographic rep- 
resentations, common in the sensory and motor 
cortices, can emerge within the brain to represent 
abstract features such as numerosity. Similarities 
in cortical organization suggest that the compu- 
tational benefits of topographic representations, 
for example efficiency in wiring (28, 29), apply 
to higher-order cognitive functions and sensory- 
motor functions alike. As such, topographic or- 
ganization may be common in higher cognitive 
functions. On the other hand, topographic or- 
ganization supports the view that numerosity per- 
ception resembles a primary sense (2, 3). These 
views are not mutually exclusive, but both chal- 
lenge the established distinction between primary 
topographic representations and abstracted rep- 
resentations of higher cognitive functions. 
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nationally or internationally-recognized record of excellence in scholarship; and a sustained level of high 
quality educational activities. 


Nominations and applications must be sent as a single PDF document containing curriculum vitae, a statement 
of research accomplishments and goals, and a brief description of teaching interests to biology-chair@rpi.edu. 
Questions may be directed to Dr. Susan P. Gilbert (sgilbert@rpi.edu/518-276-4415) and/or Dr. Frank Spear 
(spearf@rpi.edu/518-276-6103), Co-Chairs, Search Committee and/or Dr. Sandra Nierzwicki-Bauer, Director 
of the Rensselaer Darrin Fresh Water Institute (nierzs@rpi.edu/518-644-3541). 


Consideration of candidates will begin upon receipt of applications and will continue until the position is filled. 


Department of Biology Faculty Search 
Associate Director of the Darrin Fresh Water Institute 


The Department of Biology at Rensselaer Polytechnic Institute invites applications for an innovative scientist in 
the broad area of freshwater ecological systems. At minimum applicants must hold a Ph.D. degree, or foreign 
degree equivalent, in science or engineering with accomplishments in developing and managing research pro- 
grams that are commensurate with a tenured faculty appointment at the level of Associate or Full Professor. 
Candidates at the Associate Professor level must demonstrate through at least three (3) years of professional sci- 
entific experience that they have an emerging national and/or internationally recognized research program, and 
established record of educating students. To be considered as a Full Professor, candidate must be eligible for 
tenure and demonstrate having achieved at least seven (7) years of professional scientific experience: commu- 
nity leadership; a nationally or internationally-recognized record of excellence in scholarship; and a sustained 
level of high quality educational activities. 


The successful candidate is expected to become the Associate Director of the DFWI and be an active participant 
in both the Department of Biology and the Darrin Fresh Water Institute (DFWI). Duties will include teaching at 
the graduate and/or undergraduate level in the Department of Biology. 


Applications must be sent as a single PDF document containing curriculum vitae, a statement of research accom- 
plishments and vision, and a brief description of teaching interests to biology-chair@rpi.edu. For additional 
information, please contact: Dr. Susan P. Gilbert, Head, Department of Biology (sgilbert@rpi.edu/581-276- 
4415) or Dr. Sandra Nierzwicki-Bauer, Director Rensselaer Darrin Fresh Water Institute, Email: 
Nierzs@rpi.edu/ Phone: 518-644-3541. 


Application review will be ongoing with an application deadline of November 1, 2013. 
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We welcome candidates who will bring diverse intellectual, geographical, gender 
and ethnic perspectives to Rensselaer’s work and campus communities. 
Rensselaer Polytechnic Institute is an Affirmative Action/Equal Opportunity Employer. 


The KU Leuven Group Biomedical Sciences invites applications for several 
Senior academic staff and tenured academic positions (m/f): 


online @sciencecareers.org 


© Neuropathology and neurobiology of ¢ Biomedical statistics and statistical 
neurodegenerative disorders bio-informatics 

¢ Molecular pathology e Autoimmunity and mucosal immunology 

e Viral vector technology ¢ Mucosal integrity 

¢ Hypertension and cardiovascular epidemiology e Health economics 

® Translational metabolic research e Physical education pedagogy 

Sexual psychology, psychophysiology * Microbiological bioinformatics 
and psychopathology i ° Crystallography and modelling of wn 

¢ Musculoskeletal rehabilitation multi-enzyme complexes in virology — 

© Stem cell biology with specific focus on e Synthetic biology 5 
molecular control of stem cell pluripotency  Bio-informatics of cancer genetics as 
versus differentiation ic ae ia] 

* Regenerative medicine with focus on ¢ Neuroplasticity and neuromotor bla U 
endogenous tissue responses after cell * Movement control and neuroplasticity 2) 
therapy or transplantation from a lifespan perspective 2 

Preclinical multimodal imaging * General practice D) 

F ; : om 

* Quantitative molecular image processing ¢ Chemical biology in cellular and molecular U 

e Fundamental/translational research iteceleints N 
in oncology ¢ Motor contro! 

z e Implants to study, manipulate and/or restore ¢ Systems biology in cellular and molecular 
( : re at | @) ‘al f) the nervous system medicine 
"= ¢ Pharmacometrics e Radiopharmacy 


| Nn Nn OV at @) Nn 9 For more information about these vacancies: http://gbiomed.kuleuven.be/career 


Am b it O Nn ? Discover yourself, start with your job. KU LEUVEN 


The University of Leuven pursues a policy of equal opportunity and diversity. www.kuleuven.be/jobsite 


Aalto University 
School of Electrical 
Engineering 


SEVERAL Tenure Track or Tenured PROFESSOR Positions 


Aalto University School of Electrical Engineering seeks experts especially in the following fields: 


- Radio science and engineering, especially microwave monitoring and observations of environment and climate change 

- Micro- and nanosciences, especially nanofabrication and optoelectronics 

- Communication and networking technology, especially network and cyber security, techno-econo-social and policy 
aspects of Internet, mathematical modeling and optimization of communications networks, and emerging new 
technologies in communications 


The positions are open at all levels from assistant professor to full tenured professor. Applicants must have a doctoral 
degree in a relevant field. For assistant and associate professor levels evaluation focuses on merits and potential for excel- 
lence, for full professors we look for demonstrated excellence in research and teaching. We especially encourage applica- 
tions from young professionals. Relevant industrial experience is appreciated. 


Application deadline is September 30, 2013. For further information and application details, 
please visit at: www.elec.aalto.fi/tenuretrack 


Aalto University is a new university with over a century of experience. Created from a high-profile merger between three leading univer- 
sities in Finland — the Helsinki School of Economics, Helsinki University of Technology and the University of Art and Design Helsinki - 
Aalto University opens up new possibilities for strong multidisciplinary education and research. The university has 20 000 students and a 
staff of 5 000 including 350 professors. 


aalto.fi 


online @sciencecareers.org 
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RESEARCH PROFESSOR AND 
DIRECTOR OF RESEARCH 
Department of Anesthesiology 


We invite scientists with outstanding research accomplishments to 
apply for a tenure track position as Director of Research in the 
Department of Anesthesiology. Research facilities and resources 
will be provided commensurate with the accomplishments and 
research goals of the successful candidate; the position is supported 
in part by the Distinguished Research Professor Chair. A record of 
significant peer reviewed publications and external funding is 
essential. Responsibilities include leading a vigorous research 
program, as well as the development of research activities and 
mentoring of research faculty, residents and students. With the 
major expansion of research at Weill Cornell 
(http://weill.cornell.edu/campaign/research/priority.html), 
collaborative interactions with investigators in other departments are 
encouraged. Research areas relevant to anesthesiology will be 
considered with a focus on neuroscience including pain mechanisms 
and therapy, neuropharmacology and neurophysiology. Interested 
candidates should send their curriculum vitae, names of three 
references, and research plan to Hugh Hemmings M.D. Ph.D., Chair 
at anes-search@med.cornell.edu. 


EOEI/M/F/D/V 


Weill Cornell Medical College 
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CHAIR, DEPARTMENT OF 
BIOCHEMISTRY AND MOLECULAR BIOLOGY 


The University of Texas Medical Branch invites applications for the position of 
Biochemistry and Molecular Biology. The new chair will report directly to the 
Executive Vice President and Provost, Dean of the School of Medicine. 
A central element of UTMB’s future is building its research enterprise such that 
it’s prepared for the new opportunities that translational science offers, and the 
Department of Biochemistry and Molecular Biology is a principal focus of that 
effort. The Department has been highly ranked for NIH funding with strengths 
in structural biology, effects of oxidative stress, epigenetics, and DNA repair. 
Research space and equipment for the Department is excellent. 
The Chair of Biochemistry and Molecular Biology will have the opportunity to 
significantly reinvent the Department with new faculty recruitments over the next 
five years, and is expected to shape the Department for national recognition in part 
by taking advantage of the school’s broader growth strategies and of the many 
opportunities for collaborative efforts with other units. The Chair must be a 
passionate advocate for the Departments’ students and trainees. He/she will be a 
major institutional leader, working with the Dean/Provost’s office in setting 
academic directions for UTMB, and promoting the school’s accomplishments with 
external stakeholders. As the Chair of one of the School of Medicine’s most critical 
Departments, the Chair is necessarily both advocate for his/her faculty as well as 
an important steward and leader for the organization in all its missions. 
Interested candidates will be a nationally recognized scientist holding an Ph.D. or 
M.D./Ph.D. and will have academic credentials appropriate for appointment at the 
rank of full professor and the leadership skills to guide an important university asset 
through a transformational period. 
The Academic Health Center Practice of Korn/Ferry International is assisting The 
University of Texas Medical Branch with this important search. Please forward, 
as soon as possible, your application or nominations of appropriate candidates to: 
Warren E. Ross, M.D., c/o M. Sarah Taylor, Senior Associate, Email: 
sarah.taylor@kornferry.com, Korn/Ferry International, 1835 Market Street, 
Suite 2000, Philadelphia, PA 19103. 

The University of Texas Medical Branch is an equal opportunity employer committed to excellence through 


diversity, and strongly encourages applications from women, minorities, and other under-represented groups. 


E KORN/ FERRY INTERNATIONAL 


FACULTY POSITION 
Department of Molecular Biology 
Massachusetts General Hospital 

Department of Genetics 
Harvard Medical School 


The Department of Molecular Biology at the Massachusetts General 
Hospital (MGH) and the Department of Genetics at Harvard Medical 
School (HMS) invite applications for ajoint appointment at the level of 
Assistant Professor. The laboratory will be located in the Department 
of Molecular Biology at MGH (http://molbio.mgh.harvard.edu), a 
major research center in the Boston area and a teaching affiliate of 
Harvard Medical School. The faculty appointment will be in the 
HMS Department of Genetics (http://genetics.med.harvard.edu). The 
following HMS faculty members have labs in the MGH Department of 
Molecular Biology: 


David Altshuler Deborah Hung Marjorie Oettinger 

Frederick Ausubel — Joshua Kaplan Gary Ruvkun 

Joseph Avruch Robert Kingston, Chair Jen Sheen 

Michael Blower Jeannie Lee Jack Szostak 
Vamsi Mootha 


Applicants should apply via electronic submission by November 1, 2013 
at: http://molbio.mgh.harvard.edu/facultysearch/ 


Please submit a curriculum vitae, statement of research plans, up to three 
relevant publications, and contact information for three references. 


Harvard University and the Massachusetts General Hospital are 
Equal Opportunity/Affirmative Action Employers. Applications from 
women and minorities are encouraged. 


HD Biosciences Co. Ltd., is a leading biology 
focused preclinical drug discovery CRO based in 
Shanghai, China. The company offers comprehensive 
drug discovery services, from Target to Hit, Hit to Lead, 
Lead Optimization to IND, in both small molecules and 
biologics. The company’s strategic clients include seven 
of world top ten pharmaceutical companies. The 
outstanding track records in the services and capabilities to provide 
inputs to our clients have helped company to earn great reputation 
in the industry. 
As part of growing R&D business, we are recruiting to fill several key 
positions. We are searching for qualified, self-motivated. and 


experienced individ ith strong capability and track record in the 
following areas: - 


* VP/Senior Director/Director/Principal Scientist/Senior Scientists, 
Molecular Biology, Cell Biology, Biochemistry 


“  VP/Director/Director/Principal Scientist, In vivo Pharmacology 


“Senior Director/Director/Principal Scientist, discovery biology in 
enzyme, receptor, transporter and ion channel 


“Senior Director/Director/Principal Scientist/Senior Scientist, in 
Neuroscience, Oncology, Immunology, Metabolic Diseases 


“Senior Director/Director/Principal Scientist, toxicology 
“Senior Director/Director/Principal Scientist, DMPK 


“  Director/Principal Scientist/Senior Scientist, Biologics and 
Antibody Discovery/Development 


We provide excellent career development opportunities, competitive 
compensation package and employee stock option plan to qualified 
employees. We are proud to be an Equal Opportunity Employer. To 
learn more about HDB or view a completed list of job openings and 
apply online, please visit us at: http://www.hdbiosciences.com, or 
submit a copy of curriculum vitae to recruiting@hdbiosciences.com. 


HD Biosciences Co., Ltd. Phone: +86-21-51163700 
590 Ruiqing Road, Zhangjiang East Campus, Pudong, Shanghai 201201, P. R. China 
Email: recruiting@hdbiosciences.com 


ASSISTANT PROFESSORS 


Department of Biological Sciences 


The Department of Biological Sciences at The University of 
Alabama is seeking two new tenure-track faculty members at the 
rank of Assistant Professor in (1) Computational Biology, and 
(2) Microbiology/ Microbial Biology. 


Tenure-Track Position in Computational Biology 


All areas of computational biology and bioinformatics will be 
considered. Applications from candidates with a demonstrated 
record of developing and/or applying computational approaches 
to study biological questions in areas including comparative 
genomics and transcriptomics, evolutionary genomics, 
phylogenomics, computational ecology/ecoinformatics, cell and 
molecular biology, and systems biology are especially encouraged 


to apply. 


Tenure-Track Position in Microbiology/ Microbial Biology 


All areas of microbiology/microbial biology will be considered. 
Applicants conducting research in microbe-microbe, microbe- 
environment, and/or microbe-host interactions using genomics, 
proteomics, and/or transcriptomics approaches are encouraged 


to apply. 


Candidates must have a Ph.D. degree in the Biological Sciences 
or related field, postdoctoral experience, evidence of the ability 
to establish an extramurally funded research program and mentor 
students. The successful applicants will be expected to develop an 
active research program, develop new courses in his/her area of 
expertise and participate in the teaching of existing 
undergraduate and graduate courses. Faculty in the Biological 
Sciences Department have diverse research interests and have 
interdisciplinary collaborations with UA faculty in the 
Departments of Chemistry, Chemical and Biological 
Engineering, Geography, Geological Sciences, and Metallurgical 
and Materials Engineering. 


Applicants may contact Dr. Juan Lopez-Bautista the chair of the 
computational biology search committee, at jlopez@ua.edu, or 
Dr. Robert Findlay, the chair of the Microbiology/Microbial 
Biology Search Committee at rfindlay@ua.as.edu if additional 
information is desired. 


To apply, go to https://facultyjobs.ua.edu, complete the online 
application (Job #) or (Job #), and upload (1) an application 
letter with a list of three to five references (including contact 
information); (2) CV; (3) statement of research interests and 
goals; and (4) statement of teaching interests and philosophy. 
Consideration of applications will begin September 1, 2013, and 
continue until the positions are filled. Prior to the hiring, the 
final candidate(s) will be required to pass a pre-employment 
background investigation. Anticipated start date is August 16, 
2014, although candidates seeking a January 1, 2014 as start date 
will be considered. 


Additional information on the Department of Biological 
Sciences and the available positions can be found on our website 
at http://bsc.ua.edu. 


The University of Alabama is an Equal Opportunity/Equal Access Employer 
and actively seeks diversity among its employees. Women and minorities are 
encouraged to apply. 


touching lives 
THE UNIVERSITY OF ALABAMA 


AF JAMSTEC 


Scientist/Engineer/Postdoctoral Researcher for 
Comprehensive Studies on the Evolution of Life 
and the History of the Earth 


The Japan Agency for Marine-Earth Science and Technology 
(JAMSTEC) is recruiting 10 full time fixed term contract positions 
for pursuing research on “Comprehensive Studies on the Evolution 
of Life and the History of the Earth”, in the position of Scientist, 
Engineer or Postdoctoral Researcher. 


http://www.jamstec.go.jp/e/ 


Details of the ongoing research in JAMSTEC regarding exploring 
the unknown biosphere and investigating biotic evolution since the 
origin of life are available at; 
http://www.jamstec.go.jp/e/about/research/biogeosciences.html 


<Relevant Research Fields> 

Applied microbiology, Applied genomics, Genetic engineering, 
Protein engineering, Environmental microbiology, Microbial ecology, 
Geobiology, Marine biology and ecology, Bioinformatics, Microbial 
physiology, Biochemistry, Bioengineering, Molecular biology and 
ecology, Biogeochemistry, Environmental chemistry, Astrobiology, 
Life and biosphere search and detection, Biomimetics, Soft Matter 
Science, Nanotechnology, Nanobiotechnology, Materials science, 
Biophysics, Physical chemistry, Natural product, Colloid/Interface 
science, Polymer chemistry, Marine Geology, Geochemistry, 
Paleontology, Biogeosciences, Phylogenetic systematics, Deep-sea 
biology/bionomics and Synthetic biology. 


The successful candidates are expected to join us from April Ist, 
2014 at either Yokosuka or Yokohama, Japan. 


Required documents must be sent to JAMSTEC by POST before/ 
on September 24th, 2013. 


For further information, please visit our website; 
http://www.jamstec.go.jp/e/about/recruit/biogeos_20130924.html 


Scientist/Engineer/Postdoctoral Researcher 
for Understanding and Prediction of Global 
Climate/Environment Change 


The Japan Agency for Marine-Earth Science and Technology 
(JAMSTEC) is recruiting 25 full time fixed term contract positions 
for pursuing research on “Understanding and Prediction of Global 
Climate/Environment Change”’, in the position of Scientist, Engineer 
or Postdoctoral Researcher. 


Details of the ongoing research in JAMSTEC regarding climate/ 
environment changes are available at; 
http://www.jamstec.go.jp/rigc/e/ 


<Relevant Research Fields> 

General Earth and Planetary Sciences including Physical 
Oceanography, Chemical Oceanography, Marine Biology, 
Meteorology, Atmospheric Chemistry, Dynamic Meteorology, 
Vegetation Science, Astronomy and Computer Science. Studies of 
Solid Earth Science are not directly relevant field. 


The successful candidates are expected to join us from April Ist, 
2014 at either Yokosuka or Yokohama, Japan. 


Required documents must be sent to JAMSTEC by POST before/ 
on October 4th, 2013. 


For further information, please visit our website; 
http://www.jamstec.go.jp/e/about/recruit/rige_20131004.html 
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Faculty Position- Lung Cancer Research 
Program Co-Leader and SPORE Principle Investigator 
University of Pittsburgh Cancer Institute & 
University of Pittsburgh School of Medicine 


The University of Pittsburgh Cancer Institute (UPCI) with the University of Pittsburgh is seeking 
applications for a faculty position at the level of Associate Professor or Professor. Candidates who 
have a PhD, MD, or equivalent are being recruited to lead lung cancer laboratory research at UPCI, 
serve as Co-Leader for the UPCI Lung and Thoracic Malignancies Program and serve as Principle 
Investigator for the Lung Specialized Program in Research Excellence (SPORE). The incumbent 
will have primary appointments in a Department at the University of Pittsburgh, School of Medicine 
(UPSOM) that will reflect to their research area of expertise. 


The incumbent will have a demonstrated track record of leadership, excellent communication skills, 
and publications in high-impact journals, and will be expected to sustain an outstanding, extramurally 
supported lung cancer research program. Candidates at the Associate Professor level or higher, with a 
proven track record in cutting edge basic and translational research and a strong track record of NIH 
funding, are encouraged to apply. Salary and benefits will be commensurate with experience. 


Founded in 1985, the University of Pittsburgh Cancer Institute has consistently been ranked among 
the top NCI-funded cancer centers and is the only NCI-designated Comprehensive Cancer Center in 
western Pennsylvania. In collaboration with the UPMC CancerCenter, UPCI offers a highly interactive 
environment to its community of basic, translational and clinical investigators and provides state-of- 
the-art shared resources for tissue imaging, high-throughput drug discovery, ‘omics’ technologies 
and pre-clinical and clinical in vivo imaging. With more than 400 research faculty members special- 
izing in disciplines ranging from basic cancer research, cancer prevention and early detection, novel 
therapy drug discovery and development, to survivorship, and end of life care, UPCI maintains a 
broad strategic vision and comprehensive approach to understanding and treating cancer. 


Interested candidates should send a curriculum vitae, brief description of research interests and 
contact information for three references to: UPCI Search Committee, C/O Dr. Mark Socinski, 
5150 Centre Avenue, Suite 556, Pittsburgh, PA 15232. Email: socinskima@upmc.edu. If using 
E-mail, please include ‘Lung Cancer Faculty Candidate’ in the subject line. 


The University of Pittsburgh is an Affirmative Action, Equal Opportunity Employer. 


Memorial Sloan-Kettering 
Cancer Center 


The Best Cancer Care. Anywhere. 


TENURE TRACK FACULTY POSITIONS 


Cancer Biology 


Applications are invited for tenure-track faculty positions in the Cancer Biology and Genetics Program of the Sloan-Kettering Institute, 
Memorial Sloan-Kettering Cancer Center (www.ski.edu). Successful candidates will carry out independent research on the genesis, 
progression, prognosis, prevention and treatment of cancer that synergizes with ongoing efforts at the Center. Areas of special interest 
include, but are not limited to: cancer genetics, cancer stem cells, metastasis, tumor microenvironment, inflammation and cancer, and 
animal models of cancer. 


New faculty members will join an interactive, interdisciplinary community of scientists and clinicians at the Center, which offers an 
outstanding basic and translational research environment within expanded state-of-the-art research facilities. Faculty will be eligible 
to hold graduate school appointments in the Gerstner Sloan-Kettering Graduate School of Biomedical Sciences, the Weill Cornell 
Graduate School of Medical Sciences of Cornell University, as well as the Tri-Institutional MD/PhD Training Program. 


CANCER BIOLOGY & GENETICS FACULTY 


Andrea Ventura, MD, PhD 
microRNAs in Development and Cancer 


Robert Benezra, PhD 
Chromosome Instability and Cancer 


Joan Massague, PhD (Chairman) 
Cell Signaling and Metastasis 


Hans-Guido Wendel, MD 
Genetic Basis for Drug Resistance 


Kitai Kim, PhD 
Induced Pluripotent Stem Cells 


Christine Mayr, MD, PhD 
mRNA Control Mechanisms 


Richard White, MD, PhD 
Modeling Metastasis in Zebrafish 


Johanna Joyce, PhD 
Tumor Microenvironment 


Kenneth Offit, MD 
Cancer Genetics 


Scott Lowe, PhD 
Tumor Suppressor Genes 


Craig Thompson, MD 
Cancer Metabolism 


The deadline for applications is November 1, 2013. Interested candidates should visit http://facultysearch.ski.edu to access 
the on-line faculty application. Please visit the site as soon as possible, as it contains important information on the required 
application materials, including deadlines for submission of letters of reference. Inquiries may be sent to Dwana Agosto at 
agostod@mskcc.org. 


facultysearch.ski.edu 


MSKCC is an equal opportunity and affirmative action employer committed to diversity and inclusion in all aspects of recruiting and 
employment. All qualified individuals are encouraged to apply and will receive consideration without regard to race, color, gender, gender 
identity or expression, sexual orientation, national origin, age, religion, creed, disability, veteran status or any other factor which cannot 
lawfully be used as a basis for an employment decision. 


AAAS is here — 


helping scientists 
achieve career success. 


Every month, over 400,000 
students and scientists visit 
ScienceCareers.org in search of 
the information, advice, and 
opportunities they need to take 
the next step in their careers. 


A complete career resource, free 
to the public, Science Careers 
offers a suite of tools and services 
developed specifically for scientists. 
With hundreds of career develop- 
ment articles, webinars and 
downloadable booklets filled with 
practical advice, a community 
forum providing answers to career 
questions, and thousands of job 
listings in academia, government, 
and industry, Science Careers has 
helped countless individuals 
prepare themselves for successful 
careers. 


As a AAAS member, your dues help 
AAAS make this service freely avail- 
able to the scientific community. 

If you’re not a member, join us. 
Together we can make a difference. 


To learn more, visit 
aaas.org/plusyou/sciencecareers 
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epi Faculty Position in Ecohydraulics 
at Ecole polytechnique fédérale de Lausanne (EPFL) 


ECOLE POLYTECHNIQUE 
FEDERALE DE LAUSANNE 


EPFL’s School ENAC (Architecture, Civil and Environmental Engineer- Research activities will be based on campus EPFL-Wallis-Valais in Sion, 
ing) seeks to fill a Faculty position in Ecohydraulics. While ordinarily a and teaching activities in Lausanne. 
Tenure-Track Assistant Professor is expected to be hired, in exceptional 
cases appointments as Associate Professor or Full Professor are possible. The following documents are requested in PDF format: motivation letter, 
curriculum vitae, publications list, concise77 statement of research and 
Topics of interest include: theoretical, laboratory and field studies on the teaching interests as well as the names and addresses (including e-mail) 
sustainable use of water resources in alpine environments; ecologically _ of at least five referees. 
sustainable flow releases; stochastic dynamics of hydraulic phenomena 
and stream ecology; streamflow variability and its impact on biota (like Applications should be submitted electronically to : 
e.g. on benthic macroinvertebrates or biofilms and/or on root distributions _ http://enac.epfl.ch/page-2114.html 
of riparian vegetation); spatial controls on freshwater fish biodiversity; by November 1, 2013, when the formal screening of applications will 
patterns of riparian vegetation biodiversity; biodiversity in river networks; begin. 
basin-scale transport phenomena; metacommunity modeling in river net- 
work ecological corridors; fluvial morphology and habitat suitability 
modifications; large-scale water resources management and ecosystem Enquiries may be made to: 
services including social, political and economic aspects. Professor Andrea Rinaldo 
Director of the Institute of Environmental Engineering 
Expertise at the interface of ecology, hydraulics and fluid mechanics is School of Architecture, Civil and Environmental 
sought. We shall look broadly in the area of fluvial ecomorphodynamics Engineering 
and fluvial ecohydrology with a focus on observational and experimental Ecole Polytechnique Fédérale de Lausanne 
techniques including recent advances in sensor technology and instrumen- CH-1015 Lausanne, Switzerland 
tation and/or innovative theoretical approaches. andrea.rinaldo@epfl.ch 
Ph. +41 (21) 693 80 34/37 25 


online @sciencecareers.org 
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Successful candidates are expected to initiate independent research pro- 
grams and be committed to excellence in research and to undergraduate / Additional information about EPFL is available at: 
graduate teaching http://www.epfl.ch ; http://www.enac.epfl.ch 


EPFL offers internationally competitive salaries and benefits. Significant fi- Ecole polytechnique fédérale de Lausanne is an equal opportunity 
nancial resources and well- developed research infrastructure will be available. employer. Women candidates are particularly encouraged to apply. 


Georgia School of Duke 
Tech |) Biology Biochemistry 


College of Sciences 
The Georgia Institute of Technology is one of the top ranked educational/ 
research institutions in the country and is rated as one of the best places to work. Tenure Track Faculty Position 
Georgia Tech aims to meet several grand challenges in the life sciences based Assistant Professor 
upon current strengths and areas of growth, including Environment & Health, 
Biomedical Therapies, and Complex Biological Systems. Research in these inter- The Department of Biochemistry and the Ion Channel Research Unit 
disciplinary fields at Georgia Tech benefits from strong interactions between (ICRU) at Duke University Medical Center invite applications for a tenure 
biologists and faculty of diverse disciplines including engineering, computing, track faculty position at the Assistant Professor level in the Department 
policy, and other sciences. As part of substantial expansion in the biological of Biochemistry. 
sciences, the School of Biology is seeking applications for multiple tenure-track 


positions from candidates whose research would thrive in this community. The candidate should have a laboratory research program in an area of 


membrane excitability and/or ion channel structure/function and/or ion 
channel physiology. Among the broad research areas relevant to this 
search are programs employing cutting-edge molecular and biochemical 
approaches that focus on channelopathies, neuropsychiatric disorders and 
neuronal function, cardiac arrhythmias, peripheral nociception, optogenet- 


Assistant or Associate Professors in Biology. We welcome applications from 
candidates in all research areas relevant to activities in the School of Biology 
(http://www. biology. gatech.edu/research/), including those working in synthetic 
& chemical biology, predictive health, or the genomics of health & behavior. 
Endowed Full Professor in Experimental Integrative or Structural Biology. We : 
are seeking an outstanding senior investigator in the molecular biosciences. ics, and development. 
Fields of interest include the temporal, structural and spatial understanding of The laboratory space will be localized within the ICRU, a multi-depart- 
cellular biochemistry, the dynamics of cellular organization and function, and mental and interdisciplinary group of investigators organized around 
protein intetactomics. membrane excitability. Opportunities to interact with and build upon 
Endowed Full Professor in Experimental Integrative or Structural programs relevant to membrane excitability include those in neurosci- 
Biology. We are seeking an outstanding senior investigator in the molecular ence, cardiac electrophysiology, structural biology, hormone signaling, 
biosciences. Fields of interest include the temporal, structural and spatial renal physiology, and development. 
understanding of cellular biochemistry, the dynamics of cellular organization > 
and function, and protein interactomics. 
Candidates should submit an application online at http://searches.biology. 
gatech.edu, including a letter of application, curriculum vitae, statement of 
research interests and plans, and contact information for three references. Interested individuals should submit a CV, statement of research interest, 
Review of applications begins October 1, 2013 and will continue until posi- and request that three letters of references to be sent as PDF files directly 
tions are filled. to: icru@me.duke.edu. 
Georgia Tech is a unit of the University System of Georgia and an Affirma- 
tive Action/Equal Opportunity Employer and requires compliance with the 
Immigration Control Reform Act of 1986. Duke University Medical Center is an Equal Opportunity/Affirmative 


GEORGIA INSTITUTE OF TECHNOLOGY Achon timployer 


High priority will be placed on creativity in laboratory research, potential 
for independent funding, and dedication to excellence in teaching. A gener- 
ous start up package will be provided. 


The deadline for receipt of applications is November 1, 2013. 
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Reserve your ad by October 8 to guarantee space.* 
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Over 
Science publishes its 12th annual Top Employers Survey . 
on October 25, 2013. Science has a long history of providing Science print readers work 
a forum for scientists to express their opinions about the ini = 
biotech and pharma industry. For 2013, we gathered the iM industry- reach Sls 
responses from 3,600 scientists who had plenty to say passive job seekers! 


about the industry. 
Advertise in this issue to reach both ACTIVE and PASSIVE 
job seekers. Here’s how: 


1. Scientists in the biotech/pharma community eagerly 
anticipate the results of this survey every year. By 


E-mail: advertise@sciencecareers.org 


announcing your openings in this special feature, Or telephone us: 
your reach goes beyond active job seekers to those US/Canada/South America: 
involved in the field, targeting elusive passive job 202-326-6582 


seekers at the same time. 
Europe/India/Australia/New Zealand/ 


2. Your association with this issue tells prospective Rest of World: +44 (0) 1223 326500 
recruits that you are among the best. You have a 
unique opportunity to brand your company as a Japan: +81-(0)90-9110-1719 
leader. Reach the scientists that your competitors 
are reaching and promote your advantages. China/Korea/Singapore/Taiwan/ 


Thailand: +86-1367-1015-294 


For recruitment in science, there’s only one 
From the journal Science MVAAA: 


** Publisher’s Own Data, August 2012 
Produced by the Science/AAAS Custom Publishing Office 


ScienceCareers.org 


NATIONAL RESEARCH COUNCIL 
OF THE NATIONAL ACADEMIES 


Research Associateship Programs 


Graduate, Postdoctoral and 
Senior Research Awards 
offered for research at 
US Federal Laboratories 
and affiliated institutions 


Opportunities for graduate, postdoctoral and senior research 
in all areas of science and engineering 
* Awards for independent research at over 100 participating 
laboratory locations 
12-month awards renewable for up to 3 years 
Annual stipend $42,000 to $80,000 - higher for senior researchers; 
graduate entry level stipend begins at $30,000 
Relocation, professional travel, health insurance 
Annual application deadlines Feb. 1, May 1, Aug. 1, Nov. 1 
Open to US and non-US citizens 
Detailed program information, including instructions on 
how to apply online, is available on the NRC Web site at : 
www.nationalacademies.org/rap 
Applicants must contact Adviser(s) at the lab(s) prior to application 
deadline to discuss research interests and funding opportunities 
Questions should be directed to the : 
National Research Council Fellowships Office 
TEL: (202) 334-2760 
E-MAIL: rap@nas.edu 


Qualified applicants will be reviewed without regard to race, 
religion, color, age, sex or national origin. 


THE NATIONAL ACADEMIES 


Advisers to the Nation on Science, Engineering, and Medicine 


IVERSITY 
Stanford Institute for Chemical Biology 

The Stanford Institute for Chemical Biology is an independent institute at 
Stanford University, formed in partnership with the Schools of Medicine, 
Humanities and Sciences, and Engineering. The Institute is seeking applicants 
for a tenure-track faculty position at the junior level (Assistant or untenured 
Associate Professor). Candidates are expected to have earned a Ph.D. or M.D. 
degree in any discipline of science, engineering or medicine. We will consider 
candidates knowledgeable in the general area of chemical biology. All areas 
encompassed by the field of chemical biology are acceptable. In general, we give 
higher priority to the overall originality and promise of the candidate's work than 
to the sub-area of specialization. 

The successful candidate will have his/her primary appointment in a department 
within the School of Medicine, Humanities and Sciences, or Engineering. He/she 
will be expected to teach and/or perform clinical service within this department in 
a manner that is consistent with standard practices for tenure-track faculty within 
that department. The candidate will also be expected to develop a world-class 
research program in chemical biology. Candidates should be seeking a stimulating 
interdisciplinary environment in which to pursue teaching and research. We 
anticipate that the faculty member will develop interactions with faculty not 
only in his/her home department but also in other departments and Schools at 
Stanford and at the Stanford Synchrotron Radiation Laboratory. 


Applications should be addressed to Professor James K. Chen, Search Committee 
Chair and include a curriculum vitae, a description of future research plans, and 
a teaching statement. These materials should be submitted electronically as a 
single PDF to sicbsearch@stanford.edu by November 1, 2013 to ensure full 
consideration. Applicants should also have three reference letters submitted to 
sicbsearch@stanford.edu by the application deadline. 

Stanford University is an Equal Opportunity Employer and is committed to 
increasing the diversity of its faculty. It welcomes nominations of and applications 
from women and minority groups, as well as others who would bring additional 
dimensions to the university's research, teaching, and clinical missions. 


SCHOOL OF BIOLOGICAL SCIENCES 
UNIVERSITY of CALIFORNIA « IRVINE 


DEAN, SCHOOL OF BIOLOGICAL SCIENCES 


The University of California, Irvine invites applications and nomina- 
tions for the position of Dean, School of Biological Sciences. The 
university seeks an independent thinker who is decisive while fair 
and strategically focused and possesses the skills to navigate within a 
complex and multi-constituent organization. The successful candidate 
has a keen intellectual capacity and creativity, and is an open and 
persuasive communicator who leads from values; a candidate with 
energy and vision to head and continue the mission of the school. 
Key selection criteria will include: 


Demonstrated leadership in promoting the latest intellectual 
advances in the Biological Sciences 

Experience and demonstrated success with external relations/ 
development - Demonstrated skill/ability to work effectively 
with the business community and other constituents in resource 
development and advancement of the School 

Faculty leadership and team building - Proven ability to inspire 
consensus and develop a culture that is mutually supportive, 
goal-directed and ambitious. Ability to attract and recruit a 
diverse world-class faculty 

A strong commitment to the growth and development of 
exceptional undergraduate and graduate academic programs 
Administrative management - Demonstrated success as an 
administrator, including staff development, facility/resource 
management and fiscal leadership 


The School of Biological Sciences is one of twelve schools in the 
University of California, Irvine, a top-ranked public university com- 
mitted to rigorous academics, cutting-edge research, excellence in 
undergraduate and graduate teaching, and community engagement. 
The School represents a premier center for biological education and 
research with four highly-ranked departments: Developmental and 
Cell Biology, Ecology and Evolutionary Biology, Molecular Biology 
and Biochemistry, and Neurobiology and Behavior. Further informa- 
tion about the school can be found at: http://www.bio.uci.edu/ 


In 2012, UC Irvine was ranked #1 in Times Higher Education among 
U.S. colleges and universities 50 years old or younger. With 28,000 
undergraduate and graduate students, 1,100 regular ranks faculty and 
9,400 staff, UC Irvine is among the most dynamic campuses in the 
University of California system. Orange County’s second-largest 
employer, UC Irvine generates an annual economic impact on the 
county of $4.3 billion. It is located on a 1,500 acre site three miles 
from the Pacific Ocean. 


Candidates for this position should have a strong academic record that 
would justify a senior rank appointment in one of our four departments 
and a sustained record of peer reviewed extramural funding and an 
international reputation in a biological sciences discipline. 


Applicants will have until October 15, 2013 to apply. Applications 
should include a curriculum vitae, names of three or more references, 
and a cover letter including a statement of relevant experience 
and vision for the biological sciences. We encourage electronic 
application submission; please click this link for more information: 
http://www.provost.uci.edu, OR email applications or nominations 
to: biosearch@uci.edu 


UCT is an Equal Opportunity Employer committed to excellence 
through diversity and strongly encourages applications from 
women, minorities, and other under-represented groups. 
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we Universityoftldaho 


The University of Idaho seeks to expand our expertise in systems biology 
by hiring a cluster of three faculty in the Departments of Mathematics, 
Statistics and Physics. These tenure track faculty positions are academic 
year (9-month) appointments at the rank of Assistant Professor that 
commence in August 2014. 


The University has a strong commitment to interdisciplinary studies, par- 
ticularly evolutionary and computational biology. Through the Institute for 
Bioinformatics and Evolutionary Studies (http://www.ibest.uidaho.edu/) 
the University has invested in high-level genomics, computing, imaging, 
and mass spectrometry facilities to support research in these areas. We 
seek motivated faculty who have demonstrated that they can work across 
disciplines and can collaborate broadly. Applicants must have a demon- 
strated interest in complex systems. 


All applicants must have a doctoral degree (or equivalent) and a com- 
mitment to teaching at the undergraduate and graduate levels. Applicants 
must also have an excellent record of research productivity, engagement 
in interdisciplinary studies, and demonstrate the potential for developing 
a creative independent research program. 


We seek faculty members who will create a climate that embraces excel- 
lence and diversity, with a strong commitment to teaching and mentoring 
that will enhance the work of the department and attract and retain students 
of all races, nationalities, and genders. 


Applicants should apply online at www.uidaho.edu/human-resources. 
At least three letters of recommendation are required and may be sent 
electronically as separate PDF files to math@uidaho.edu for mathematics 
position, stat@uidaho.edu for statistics position, physics@uidaho.edu 
for physics position. Applications will be reviewed starting November 1, 
2013. Applications will be accepted until the position is filled. 


Science Careers is the forum 
that answers questions. 


Science Careers is dedicated to 
opening new doors and providing 
timely answers to the career 
questions that matter to you. 


Science Careers Forum: 


Your Future Awaits. 


Relevant Career Topics 
Timely Advice and Answers 


Community, Connections, 
and More! 


Trom the journai scence = BAVA 


Visit the forum and join 
the conversation today! 


WOMEN 
IN SCIENCE 


forging 
new pathways in 


green 
science 


Read inspiring stories 
of women working in 
“Green Science” 
who are blending 
a unique combination of 
enthusiasm for science 
and concern for others 
to make the world 
a better place. 


Download this 
free booklet 
ScienceCareers.org/ 
LOrealWiS 


Science 


This booklet is brought to you by the 
AAAS/Science Business Office 
in partnership with the 
L’Oreal Foundation 


Institut national de recherche scientifique (INRS) is a graduate and post-graduate 
research and training university. One of Canada’s leading research universities in 
terms of grants per professor, INRS brings together some 150 professors and close to 
700 students and post-doctoral fellows in its centers in Montreal, Quebec City, Laval, 
and Varennes. Conducting fundamental research essential to the advancement of 
science in Quebec as well as internationally, INRS research teams also play a critical 
role in developing concrete solutions to problems facing our society. 


The INRS-Institut Armand-Frappier Centre seeks to fill four tenure-track positions of: 


PROFESSOR-RESEARCHER 


e HOST-PATHOGEN INTERACTIONS (Ds 13-06) 
¢ IMMUNOLOGY (Ds 13-07) 
e MICROBIOLOGY (Ds 13-08) 
e EPIDEMIOLOGY (Ds 13-10) 
The detailed position announcements, eligibility requirements and the application process 


are available at the INRS website at the following link: 
www. inrs.ca/english/english/career-opportunities 


INRS is committed to equity in employment and diversity. 


WWW.INRS.CA Université d’avant-garde 


Memorial Sloan-Kettering 
Cancer Center 


The Best Cancer Care, Anywhere. 


FACULTY POSITIONS 
Immunology 
Sloan-Kettering Institute 


The Immunology Program at the Sloan-Kettering Institute (www.ski.edu) is seeking innovative investigators for 
tenure-track positions at the Assistant, Associate, and Member levels who wish to address basic problems in im- 
munology with possible relevance to cancer. Applicants should have a doctoral-level degree and the potential to 
develop a strong independent research program or a proven record of research accomplishments, depending on the 
level of appointment. Qualified applicants with an M.D. degree may be offered a joint appointment in an appropriate 
department in Memorial Hospital. Candidates will join a faculty with a broad range of research interests, including 
innate immunity, tumor immunology, B, T and NK cell development and function, regulation of immune responses, 
and infectious disease. New faculty members will join an interactive, interdisciplinary community of scientists and 
clinicians at the Center, which offers an outstanding basic and translational research environment within expanded 
state-of-the-art research facilities. Faculty will be eligible to hold graduate school appointments in the Gerstner Sloan- 
Kettering Graduate School of Biomedical Sciences, the Weill Cornell Graduate School of Medical Sciences of Cor- 
nell University, as well as the Tri-Institutional MD/PhD Training Program. 


The Sloan-Kettering Institute offers a highly interactive, supportive and exciting research environment with pro- 
grams in Immunology, Cancer Biology & Genetics, Cell Biology, Molecular Pharmacology & Chemistry, Molecular 
Biology, Developmental Biology, Computational Biology and Structural Biology, as well as unparalleled clinical 
programs in cancer research, treatment, and prevention. 


The deadline for applications is November 1, 2013. Interested candidates should visit http://facultysearch.ski.edu 
to access the on-line faculty application. Please visit the site as soon as possible, as it contains important information 
on the required application materials, including deadlines for submission of letters of reference. 


Inquiries may be sent to Dwana Agosto at agostod @mskcc.org or Dr. Alexander Rudensky, Chair, Immunology 
Program at rudenska@mskcc.org. 


facultysearch.ski.edu 


MSKCC is an equal opportunity and affirmative action employer committed to diversity and inclusion in all aspects of recruiting and 
employment. All qualified individuals are encouraged to apply and will receive consideration without regard to race, color, gender, 
gender identity or expression, sexual orientation, national origin, age, religion, creed, disability, veteran status or any other factor 
which cannot lawfully be used as a basis for an employment decision. 


online @sciencecareers.org 
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Carnegie Mellon University 


FACULTY POSITION in the Area of 
Host-Microbe Interactions 


The Department of Biological Sciences at Carnegie 
Mellon University seeks applicants for a tenure-track 
faculty position who work at the interface between 
mammalian hosts and microorganisms that can colonize 
or cause infection. Research topics of interest include 
but are not limited to mucosal defenses, pathogen ef- 
fectors, innate immunity, and the role of commensal 
flora in host defense mechanisms. We seek candidates 
for an ASSISTANT or ASSOCIATE PROFESSOR 
position. 

Candidates should have a Ph.D. or equivalent 
degree with postdoctoral training. The Department 
of Biological Sciences is a research-intensive environ- 
ment, and our faculty members are expected both to 
develop high quality research programs and to 
participate in our graduate and undergraduate 
teaching mission. We are especially interested in 
candidates who can leverage our department’s 
strengths in imaging, computational biology, molecu- 
lar genetics, and cell biology, and contribute to our 
collaborative culture. The new Disruptive Health 
Technology Institute, hosted in the College of 
Engineering, enables translational applications of new 
findings in infection biology. Pittsburgh has strong in- 
teractive Immunology and Microbiology communities 
at the University of Pittsburgh and Allegheny Genome 
Sciences Center. 

Applications must be received by December 1, 2013. 
The application package should include a cover letter 
that outlines interest in and qualifications for the po- 
sition, curriculum vitae, statements of research interests 
(three pages or less), a statement of teaching goals (one 
page or less), and names and contact information for 
three references. Website: https://apps.bio.cmu. 
edu/facultySearch/view/14. 

Address correspondence to: Aaron Mitchell, Search 
Committee Chair, Department of Biological Sciences, 
Carnegie Mellon University, 4400 Fifth Avenue, 
Pittsburgh, PA 15213; e-mail apm1@cmu.edu. 


BIOLOGICAL CHEMISTRY 
Dartmouth College 


The Department of Chemistry at Dartmouth Col- 
lege is seeking an outstanding applicant for an open 
rank (tenured or tenure-track) faculty position in Bio- 
logical Chemistry, broadly defined, starting July 2014. 
We particularly seek candidates who will help lead, 
initiate, and participate in collaborative research projects 
both within Chemistry and involving other Dartmouth 
researchers, including those at Dartmouth’s Geisel 
School of Medicine, Norris Cotton Cancer Center, 
and Thayer School of Engineering. Teaching responsi- 
bilities will include biochemistry and advanced/graduate 
courses in biological chemistry. The department (website: 
http://www.dartmouth.edu/~chem/) is home to 16 
tenured and tenure-track faculty with strong Ph.D. and 
MS. programs and affiliated with Dartmouth’s M.D.- 
Ph.D. program. Dartmouth College, a member of the 
Ivy League, is located in Hanover, New Hampshire 
(on the Vermont border). Dartmouth has a beautiful, 
historic campus, located in a scenic area on the Con- 
necticut River. Recreational opportunities abound in 
all four seasons. 

Applicants should submit a cover letter, curriculum 
vitae, a description of research (funding and future 
plans), and a statement of teaching interests. Senior 
candidates should provide the names of three refer- 
ences, while tenure-track candidates should arrange 
for at least three reference letters to be sent. All 
communications will be treated confidentially. Appli- 
cation materials and reference letters should be 
submitted to website: https://secure.interfolio. 
com/apply/22014; inquiries may be addressed to 
e-mail: chemistry@dartmouth.edu. Applications 
received by October 1 will receive first consideration. 
With an even distribution of male and_female students and over a 
quarter of the undergraduate student population members of minority 
groups, Dartmouth is committed to diversity and encourages appli- 
cations from women and minorities. 


1138 


6 SEPTEMBER 2013 VOL 341 


BOSTON 


LUNIVERSIT* 


ASSISTANT PROFESSOR for 
Chemistry 


The Department of Chemistry at Boston University 
invites applications from outstanding candidates for a 
tenure-track position at the Assistant Professor level in 
the field of Organic Chemistry, beginning July 2014 
(pending final budgetary approval). Of particular in- 
terest is the general area of synthetic organic chemistry 
including asymmetric synthesis and applications in natural 
product/bioactive molecule synthesis. The successful 
applicant will benefit from the department’s supportive 
and collegial environment, which includes faculty pos- 
sessing a wide range of complementary expertise in- 
cluding biochemistry and synthetic organic chemistry. 
The candidate will also interact closely with the Chem- 
istry Department’s Center for Chemical Methodology 
and Library Development (CMLD-BU, website: http:// 
cmld.bu.edu) and related initiatives. Undergraduate 
teaching responsibilities will be in the areas of organic 
chemistry, with the opportunity to develop graduate 
courses in the candidate’s area of expertise. 

Applicants should apply by submitting a letter of in- 
terest, including teaching and research objectives, cur- 
rent curriculum vitae, and three letters of reference to 
website: https://academicjobsonline.org/ajo/jobs/ 
2969. 

The deadline for applications is October 1. Boston Uni- 
versity is an Affirmative Action/Equal Opportunity Employer. 


ASSISTANT PROFESSOR, ECOLOGIST 


Tenure-track 


The Department of Zoology at Oklahoma State 
University (website: http: //zoology.okstate.edu) 
invites applications for an Assistant Professor in ecol- 
ogy. We seek applicants whose research integrates ecol- 
ogy with the study of animal development, behavior, 
biodiversity, or ecosystems. Applicants should have a 
Ph.D., postdoctoral experience, teaching experience, 
and success in obtaining extramural funding. Respon- 
sibilities include establishing an extramurally funded 
research program, mentoring M.S. and Ph.D. students, 
and teaching at the undergraduate and graduate levels. 
To apply (1) send a single PDF file composed of a cover 
letter, curriculum vitae, and statements of research 
interests and teaching philosophy, and (2) arrange to 
have three letters of recommendation sent to the 
search committee chair, Dr. Andrew Dzialowski, at 
e-mail: zoologysearch@okstate.edu. Application re- 
view begins October 7, 2013, with employment be- 
ginning August 16, 2014. Filling of this position is 
contingent upon funding availability. Oklahoma State Uni- 
versity is an Affirmative Action/Equal Employment Opportunity / 
E: Verify Employer committed to diversity. OSU-Stillwater is 
a tobacco-free campus. 


FACULTY POSITION in 
Biochemistry 

The University of Wisconsin (UW) Oshkosh seeks a 
tenure-track ASSISTANT PROFESSOR beginning 
September 1, 2014. Requirements: Ph.D. in biochemis- 
try or related field, ability (or potential) to teach effec- 
tively at undergraduate level and establish an active 
research program in biochemistry. Responsibilities: teach 
undergraduate biochemistry, general chemistry, labs in 
organic chemistry, advise chemistry majors, establish 
an active research program, and pursue extramural 
funding. Submit: letter of application, curriculum vitae, 
three current confidential letters of recommendation, 
transcripts (photocopies accepted initially), research 
plans, and a one-page statement of teaching philosophy 
to: Dr. Jennifer Mihalick, Chair, Department of Chem- 
istry, University of Wisconsin Oshkosh, Oshkosh, 
WI 54901-8654. Electronic submissions will be accepted 
at e-mail: chemhire@uwosh.edu. 

UW Oshkosh values diversity and is an Affirmative Action/ 
Equal Opportunity Employer Institution. Employment will require 
a criminal background check. Application deadline is October 11, 
2013. 


POSITIONS OPEN 


UNIVERSITY OF ILLINOIS at 
Chicago 

Department of Chemistry invites applications 
for a tenure-track ASSISTANT PROFESSOR 
in the area of bioanalytical chemistry. Areas of 
greatest interest are cutting-edge analysis meth- 
ods at the intersection of analytical chemistry with 
biology, biochemistry, structural biology, bio- 
physics, chemical biology, and/or biological 
imaging. The successful candidate will be ex- 
pected to carry out a full and innovative program 
of experimental research and to teach graduate 
and undergraduate courses in analytical chemis- 
try and biochemistry. Ph.D. is required. Women 
and minority candidates are strongly encouraged 
to apply. Please submit an online application 
(include the names and e-mail addresses of three 
references), and upload a cover letter, curriculum 
vitae, list of publications, summary of past re- 
search, plans for future research, and statement 
of teaching philosophy at website: https:// 
jobs.uic.edu (Click on the Job Board, then our 
posting) by October 7, 2013. Final authorization 
of the position is subject to availability of state 
funding. 

University of Chicago at Illinois is an Affirmative Action/ 
Equal Opportunity Employer. 


POSTDOCTORAL RESEARCH ASSOCIATE 


A Postdoctoral Research Associate position at the 
Eppley Cancer Institute, University of Nebraska Med- 
ical Center (UNMC). Excellent opportunity to join a 
well-funded, multidisciplinary research group to study 
cancer metabolism in the context of tumor microenviron- 
ment, with special emphasis on pancreatic cancer. 

We are looking for highly motivated candidates po- 
ssessing an M.D. or Ph.D. in the field of Biochemistry/ 
Molecular Biology/Cancer Biology/Biotechnology or 
a related field with expertise in molecular biology, cell- 
based assays, and animal studies. 

Apply online to position 2013-072 at website: 
http://jobs.unmc.edu. Upload curriculum vitae, a 
description of research accomplishments, and names 
of three references. 

UNMC is an Equal Opportunity Affirmative Action Employer. 
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